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Abstract— While manipulation for rigid objects in the context
of automated manufacturing processes has been well studied,
there are few examples in the literature for how to handle non-
rigid objects in an automated fashion. A significant control
problem that arises when manipulating non-rigid objects (e.g.,
films and fabrics) with existing pneumatic grippers is both
the inherent deformation of the object during grasp, as well
as changes in the object’s center of mass. To solve those
problems, we introduce an approach to reorient pneumatic
gripping devices during vertical movements and present results
on the influence of reorienting a gripping device on the holding
force for several non-rigid objects. We show that holding force
increases with an increase in the orientation angle due to both
reduction of depressurization within the suction cup, as well as
the ability to leverage friction forces between the object and
the gripper. This study is the first step towards future work
in real-time robotic controlled reorientation during dexterous
manipulation of non-rigid objects.

I. INTRODUCTION

Advances in manufacturing technologies for non-rigid
objects, particularly in fields related to textiles, paper, leather,
and films are critically important to enable complex ma-
nipulation processes that go beyond the planar approaches
of today. Grasping and manipulating non-rigid objects, such
as these, often poses challenges in automation [1]-[3] due
to the fact that during gripping, it is very difficult to
predict the influence of object parameters on deformation,
frictional properties, and holding force [4]-[6]. As such,
the robotics research community has taken strong interest
in developing structuring methods for manipulation [7]-[9],
designing novel gripping devices [10]-[20], and proposing
new concepts on manipulating of non-rigid objects [21]-[25].

Textiles and films of various thicknesses remain some of
the most challenging materials to control during automation
[26]. These materials easily deform, losing their shape under
the force of their own weight, making gripping and manipu-
lating the materials a significant control challenge. However,
almost all household robotics tasks include the manipulation
of flexible and soft objects, one of the scientific groups
focuses specifically on the manipulation of textile (clothing)
objects [8], [10], [27]. They proposed a classification of
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Fig. 1: Holding various flexible objects during manipulation using a
90 degree orientation for the gripping device, with a supply pressure
of 300 kPa for the vest and 100 kPa for a piece of textile.
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Fig. 2: Methods of manipulating non-rigid objects that are not taken
into account in previous studies: (a) planar external contacts with
one and two grippers; (b) planar external contacts and holding plane
with two grippers.

possible methods of manipulation [8] and grasping [28]
of non-rigid objects. However, the proposed classification
[8] is not complete because the option of grasping with
a planar external contact by the edge of the object, or
several planar external contacts from one edge is not taken
into account (Fig. 2). What prevents the effective use of
pneumatic gripping devices for grasping and manipulating
non-rigid objects.

This situation often occurs in production and in everyday
life when the robot is able to grasp the object from only
one edge. There may be several reasons why the robot can
only do just that: the serviced equipment has overhanging
elements that prevent the robot from gripping more of the
object; the object of manipulation is much larger than the
working area of the robot.

Often, cases arise when it is only possible to grab a non-
rigid object from one side [29]. To solve this problem, the
authors of [29] proposed a dexterous method of manipulation
using electroadhesive fingers. However, various types of
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Fig. 3: Gripping systems for non-rigid materials: (a) — commercially
available vacuum system for grasping flexible objects [32], (b) —
gripping system is based on the commercially available combined
Schmalz Bernoulli-needles grippers [33].

pneumatic gripping devices [30], [31] are often used in
production, but they act on a flattened surface of non-
rigid material and create a vacuum or air suction to hold
objects. The reason for using pneumatic grippers is easier
control of the force, the possibility of separating the object
from others when placing it in a stack, which is often
found in production. However, their biggest drawback is
the impossibility of partially grabbing a flexible object by
the edge and further manipulation. Which is caused by the
loss of rarefaction and depressurization of the suction cup
due to the deformation of the flexible object or its porosity.
That is why, now pneumatic technologies are used only in
cases where the non-rigid object is attracted over its entire
surface (Fig. 3a) [32], evenly distributed points, or combined
grippers (Fig. 3b) [33] that can damage the object [34].

Therefore, it is an urgent task to provide an effective
method of manipulating non-rigid objects with a pneumatic
gripping device. Therefore, in this article, for the first time,
is proposed to use a pneumatic gripping device with reori-
entation to increase the holding force of non-rigid materials
(Fig. 1) in robotic cells. This allows us to draw conclusions
regarding the effectiveness of using reorientation of pneu-
matic grippers for the manipulation of non-rigid materials
and describe the next steps of research to achieve dexterous
manipulation.

II. METHODOLOGY

In this section, we first discuss the problems of using
pneumatic grippers when grabbing non-rigid objects by one
edge and next present the method of reorientation to solve
the problems.

A. Challenges for Pneumatic Grippers

When planning an application manipulation of non-rigid
objects, the first stage is grasping, followed by lifting, then
transportation/manipulation and release. Normally, pneu-
matic gripping devices are not used for gripping non-rigid
objects such as textiles. This is due to the fact that a vacuum
gripper, such as a suction cup, will depressurize due to the
porosity of the material, which will cause the object to fail
to grip and fall. Recently, pneumatic gripping devices have
begun to appear, which allow the grasping of porous objects
[16], [17]. However, for all pneumatic grippers, the lifting
stage is the most difficult. Many problems arise when lifting
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Fig. 4: Problems arising when manipulating non-rigid objects.

non-rigid objects by their edge, as shown in an example of
using a pneumatic gripper (Fig. 4, label 1), which is related
to the displacement of the center of mass of the non-rigid
object during gradual lifting (Fig. 4, label 2). This complex
problem depends on the type of pneumatic gripper [30] and
the type of contact it forms.

In almost all cases, there is a problem with depressuriza-
tion of the pneumatic gripper (Fig. 4, label 3), regardless
of how the vacuum is formed. When the center of mass is
shifted, the non-rigid object of manipulation is deformed on
the edge of the gripper (Fig. 4, label 2). As a result, the total
forces acting on the overhanging part of the object will act
only on the edge of the plane of the gripper (Fig. 4, label 5),
which continues to hold the object. This small contact area
is not able to hold the hanging portion of the object, which
causes separation of the object from the edge of the gripper
(Fig. 4, label 4) and its depressurization (Fig. 4, label 3).
In grippers, such as suction cups, the separation becomes a
failure due to depressurization, while some novel pneumatic
grippers [30] have been designed to avoid depressurization,
they still suffer from a loss of sufficient holding force.

B. Reorientation

To ensure continuous manipulation and maximum holding
force of non-rigid objects, our method changes the orien-
tation of the gripping device to avoid depressurization of
the suction cup and uses additional forces arising when the
orientation of the gripping device is changed. The research
uses a gripping device for non-rigid and porous objects [16],
which has a plane contact type.

To study the influence of the change in the orientation
angle a on the holding force of non-rigid materials Fj
during the vertical movement of the gripper, an experimental
setup was developed as shown in Fig. 5, and a scheme
of its operation is presented in Fig. 6. From which it can
be determined that the holding force is equal to F; =
Ficosa+ Fysino.

The experimental setup (Fig. 5) consists of an ABB IRB-
120 industrial robot, to which a gripping device [16] is
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Fig. 5: An experimental setup for determining the holding force of
non-rigid materials at different orientations of the gripping device.
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Fig. 6: Scheme of the experimental setup for determining the
holding force of non-rigid materials at different orientations of the
gripping device: (F}, - holding force, Fj - lifting force, F'y - friction
force, av - orientation angle, N - normal reaction arising from the
lifting of the material to the gripper).

attached via an adapter, a computer with RobotStudio [35]
and Torbal FM [36] software. The IRCS5 robot controller and
FB THOR Precision force measuring device with an accuracy
of £0.2 percent (Serial No. F12010001252) are connected to
the computer workstation. The scheme of the experimental
setup in Fig. 6 shows: elements of holding the sensor, the
sensor, the clamp of the non-rigid material on the hinge, and
the forces acting on the non-rigid material during the vertical
movement of the gripper. Each tested material has the same
dimensions of 250x150 mm, and 50 mm in length is used
for clamping.

IIT1. MATERIALS

To conduct a study of the influence of the orientation of the
gripping device on the holding force of non-rigid objects, the
following material parameters are important: the coefficient
of friction between the material and the contact plane of the
gripper k; the lifting force Fj is formed by the gripper with
the object of manipulation, which is affected by the porosity
of the object.

The coefficient of friction between the material and the
gripper contact plane can be calculated using the method
proposed in [37]. The technique is that the gripping device
is oriented in a horizontal plane with the plane of contact

TABLE I: Characteristics of the Studied Materials.

Ne | Type of material | Coefficient of friction | Lifting force [N]
1 film 0.19 2.20
2 woven 0.40 1.20
3 flannel 0.37 1.23
4 polyester 0.29 1.00
5 poplin 0.33 0.55
6 polyester 0.34 0.4
7 satin 0.39 0.38

up. The object of manipulation is placed on the gripping
device in the middle. In our case, due to the low weight
and flexibility of the materials, the object is stuck to a
rectangular piece of glass and then lies on the surface of
the gripper. After that, the orientation angle of the gripping
device § = 180 — a changes from O degrees (horizontal
orientation) until the moment the object begins to slide. The
experiment is repeated 10 times, the average value of the
angle of the beginning of sliding 3 and the coefficient of
friction are determined by the equation k = tan(B3). A
summary Table I of the results of measuring the coefficient of
friction between materials and gripping device is presented.

All materials except number 1 in Table I are textile
materials. Material number 1 is a film used in the packaging
of finished products: mass 0.0047 g/cm?, thickness 0.05 mm.
The microscopy (Keyence VHX-70000) of each researched
material can be found at the [38] link. The lifting force
of each of the tested materials is determined by the same
method proposed in the paper [16]. The obtained results of
maximum lifting force are entered in Table I

IV. RESULTS AND DISCUSSIONS

Using the proposed method, a study was carried out of
the influence of the orientation « of the gripping device on
the holding force F}, for different types of materials. For the
study, it is proposed to change the orientation angle « of the
gripping device in the range from 0 to 120 degrees, with a
step of 15 degrees. Experimental evaluation of an orientation
angle greater than 120 degrees is prohibitively challenging
due to collisions that will occur with the workspace surface
during re-orientation, as well as challenges in planning a
continuous trajectory for the robotic end-effector, as reori-
entation forces the robotic arm into a singular configuration.
Since the lifting force F; for material Ne 1 is the largest, it is
obvious that the holding force will also be maximum at all
ranges of change in the orientation angle. Therefore, for the
initial analysis, the averaged distribution of the holding force
of the flexible material during the upward vertical movement
of the gripper at different orientation angles was considered
(Fig. 7).

In Fig. 7 there is no graph of the distribution of the
holding force of the material for the orientation angle of the
gripper @ = 0 and 15 degrees. This is due to the retention
area (Fig. 4, label 5) of the gripper is very small and the
depressurization causes a critical reduction in the lifting force
and subsequent separation. The same situation is observed for
all other materials, and at the orientation angle of the gripper



25

2.0

Alpha [deg]
— 30

o

Force [N]

IS)

0.5

0.0

Time [s]

Fig. 7: Change in holding force of film material No. 1 during
vertical movement of the gripper, the lines are the average value,
and the lighter areas are the deviation.
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Fig. 8: The influence of the gripping device orientation on the
holding force of studied materials (Table I) during the vertical
movement of the gripper.

o = 0 and 15 degrees, the holding force approaches zero. In
particular, it is clear from Fig. 7 that the holding force of the
material increases with an increase in the orientation angle
of the gripper. The maximum holding force of material Ne
1 at an angle of @ = 90 degrees is 10 times greater than
at an angle of o = 30 degrees. This dependence is caused
by many factors, however, in the range of a = 30 to 60
degrees, the local deformation of the material has the greatest
influence, which reduces the lifting force and the contact
zone of the gripper with the material. Fig. 8 is presented to
identify further dependencies of the impact of the orientation
of the gripping device on the holding force of all studied
materials.

From Fig. 8, it is obvious that the holding force increases
with an increase in the orientation angle of the gripping
device. It should be noted that the maximum holding force
will always be greatest at @ = 120° regardless of the type
of material. However, when performing pick and place op-
erations with non-rigid objects, in most cases it is necessary
to gripped the object from a horizontal orientation. After
grasping, before starting the movement, you need to reorient

the gripper and then start the movement of the gripper
together with the object. When using the reorientation angle
o = 120° it is very difficult to achieve the continuum path
of the end-effector of the robot. As a result, pick and place
operations will be complicated or practically impossible. The
obtained results of Fig. 8 allow us to state that, on average,
for all studied materials at the orientation angle o = 90° the
holding force is less by 15% than at o = 120°. For further
studies, the orientation angle of the gripping device o = 90°
will be used, which we will consider rational.

Analyzing the holding force Fig. 8, we see an increase
in holding force from orientation o = 30° to o = 90° for
material: Ne 1 by 900%, Ne 2 by 317%, Ne 3 by 400%, Ne 4
by 190%, Ne 5 by 218%, Ne 6 by 22%, and Ne 7 by 122%.
It is obvious that the biggest factor affecting the growth
of the holding force is the initial lifting force. However,
it is possible to replace the fact that a certain sequence
of increasing the holding force does not coincide with the
sequence of the lifting force (for example, material Ne 6
and 7). Although material Ne 6 has a slightly higher holding
force than material Ne 7 and almost the same coefficient of
friction, the difference in the 100% increase in holding force
is significant. Therefore, we assume that the holding force
is affected by additional factors that affect both the friction
coefficient and the contact area between the material and the
gripping device.

V. CONCLUSIONS

This paper investigates the influence of pneumatic gripping
device orientation on holding force for non-rigid materials
during the vertical movement of an industrial robotic arm.
We propose a novel method to change the orientation of the
gripper during a vertical motion to avoid depressurization.
By increasing the angle of orientation, the robotic system
is able to leverage the friction force between the object and
the gripper to increase the holding force. Experimentally,
we studied the distribution of the holding force during
vertical movement for 7 non-rigid materials (e.g., textiles
and films), while using different orientation angles for the
gripper, ranging from 30 degrees to 120 degrees. We suggest
that using an orientation angle of 90 degrees, which only
reduces the maximum holding force by about 15 percent
relative to a 120 degree holding angle, is a good approach to
increasing holding force for flexible objects using pneumatic
grippers.

The work in this paper is an initial step into future work
for real-time reorientation under dexterous manipulation of
non-rigid objects. This could improve automation and reduce
costs associated with various complex manufacturing pro-
cesses involving non-rigid objects. Future work will include
the development of a control framework for autonomous
dexterous manipulation of non-rigid objects in robotic appli-
cations. Another area of future research is the improvement
and study of the influence parameters of pneumatic gripping
systems on increasing the force and stability of holding non-
rigid objects.
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