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Abstract

In the last decades, due to remarkable technological improvements in ceramics production
cycles and materials, the manufacturing and the commercialization of large-sized ceramic slabs
have risen. While some phases of the process are well defined, there are some routines that lack
systematic procedures and rely uniquely on the internal know-how of the single companies. In
particular, this paper focuses on the handling and transportation of large-sized ceramic slabs,
which are, in the vast majority of cases, performed by suction cups-based gripping devices. The
scope of this paper is to investigate how the type of suction cup pattern and its geometrical
parameters affect slab stresses and deformations and to provide a guideline for the choice of the
pattern, in order to cope with some critical aspects associated with wide surface and small
thickness of the slabs. In particular, some of the most common large slab sizes and thicknesses
available on the market are considered, and the most suitable suction cup patterns (and their
geometrical parameters) for handling them are evaluated in order to minimize slab stresses and
deformations.

Keywords: Transportation, handling, large-sized slabs, suction cups, ceramics, porcelain
stoneware, finite element, ANSYS

1. Introduction

Porcelain stoneware is a very compact, hard and low-porous material, highly vitrified, hence
with excellent mechanical and chemical properties. Some of its most outstanding properties are
frost resistance (making it extremely suitable for outdoor flooring and wall cladding in cold
climates) and high resistance to chemical substances and cleaning agents. Furthermore, it resists
abrasion well and has a high ultimate strength, which makes it ideal for industrial areas and
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highly frequented spots. In addition, porcelain is very easy to clean and thus particularly fitting
for places where hygiene is of prime importance.

In the last decade, due to outstanding developments in materials field, further
improvements in ceramic quality have been made, concerning both functional properties and
aesthetical appearance. Tucci et al. (2007) for instance, considered new body mixes for
porcelain stoneware tiles to enhance mechanical characteristics, and Leonelli et al. (2001)
investigated how to enhance the mechanical properties by using a micro-structural approach.
These improvements in the ceramics properties have led to an increase and expansion of the
ceramic tile market. Notably, one of the latest market trend goes towards large dimensions
(from 60 x 60 cm up to 160 x 320 cm, which is the current maximum dimension on the market)
and a very low thickness of tiles, whose minimum value is 3 mm (Vivona et al. 2009, Morselli
2009). In order to produce large-sized ceramic slabs, innovative technological solutions are
applied, involving a novel process that relies on a new approach to both shaping and thermal
treatments (Raimondo et al. 2009, Gozzi et al. 2009).

The physical, chemical and mechanical properties of large-sized ceramic slabs conform to
the top quality range of porcelain stoneware tiles, and a large size coupled with low thickness
grants the slab a certain degree of flexibility, which can be enhanced by using ceramic
fiberglass composites (Tasdamerici et al. 2009). These remarkable performances make large-
sized slabs suitable to be used for building and construction (flooring and ceiling, interior wall
tiling, ventilated fagades, tunnel coverings, insulating paneling), indoor furniture (table tops,
doors) and support for photovoltaic ceramic panels. In Fig. 1, different slabs produced by a
company are shown: it is possible to make a comparison between the standard sizes (from 20 x
20 cm up to 75 x 150 cm) and the very large sizes, up to 160 x 320 cm and with very low
thicknesses (6 mm and 9 mm). In Fig. 2 an indoor application is shown.
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Fig. 1. Commercial slabs produced by a company (Caesar 2015). Starting from the left: the
standard sizes, sizes with a greater thickness (20 mm), large-sized slabs
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Fig. 2. Example of application of large-sized ceramic slabs in indoor applications. A: 120 x 240
cm; B: 120 x 120 cm. (Caesar 2015)

Despite the global significance of porcelain tile manufacture and the technological
advances, the scientific activity in porcelain tile’s almost 30-year existence does not match the
importance of the business (Sanchez et al. 2009). This remark applies perfectly when
considering large-sized slabs: while the manufacturing process is basically already well defined,
there are some aspects that still lack some proper scientific studies and standard operative
procedures. In order to contribute to fill this gap, Fragassa, Pavlovic et al. (2014, 2015, 2016)
examined the effects on the mechanical properties of the innovative application of pyroclastic
deformation on the ceramic slabs, with the aim to provide new tools to approach the quality
control in non- traditional ceramics.

One tricky phase, which still has not been the object of a proper analysis, is the handling
and transportation of large-sized slabs that may be critical for several reasons. Indeed,
considering the large dimensions and the reduced thickness, the handling and transportation
have to be done in a specific way to avoid high stresses, mainly due to flexure. For simple
transportation tasks, usually automated, common devices are roller and/or belt conveyors.
However, situations in which slabs are manually handled or in general when their transportation
involves more complex routes and movements, are very common, and specific gripping devices
are needed to fulfill these tasks. By gathering data from different companies, one can find that
the most popular gripping devices rely on suction cups (typically from 2 to 6), arranged in
different patterns. Suction cups are very suitable for handling large slabs because they are able
to provide the necessary amount of gripping force, they only need the upper slab surface to
operate and they are practical and fairly economical. The suction cups are attached onto a
handling frame (usually composed of steel bars), and can be moved back and forth along the
bars axes and locked at the desired distance. A device with two suction cups is shown in Fig. 3,
where the operating principle of the suction cups is also highlighted: the internal
depressurization, monitored by a barometer, is usually obtained manually, by repeatedly
pushing a proper designed cylinder in contact with the internal suction cup region.
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Fig. 3. Gripping device with two suction cups. 1: possibility to move the suction cups along the
bar axis. 2: possibility to extend the bar length. 3 and 4: generation of the depressurization and
release, respectively, by pushing proper parts (Brevetti Montolit).

In Fig. 4, two other typical suction cup gripping devices are shown in case of four (a) and
six (b) suction cups. Figure 5 shows the slab handling operation, carried out manually by two
workmen with the device of Fig. 4a.

A

(b)

Fig. 4. Gripping device with four (a) and six (b) suction cups. (Brevetti Montolit)
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\

Fig. 5. Slab manually handled by two workmen

Even if several gripping devices are present on the market, the choice of the most suitable
ones for specific handling operations of large-sized slabs is often not well justified and/or
analyzed. Furthermore, for the evaluation of the proper suction cup distances along the bars,
one relies exclusively on the expertise of the operators. To address these limitations, the
influence of three of the most typical suction cup patterns on the slab stress distribution and
deformation is analyzed, considering the most common sizes and thicknesses of the ceramic
large-sized slabs on the market.

From a theoretical point of view, the problem is related to the thin plate theory (S.
Timoshenko 1989), whose governing equation is the fourth-order partial differential equation
often known as the biharmonic equation. The resolution methods depend on the boundary
conditions, and even if various approaches are present in the literature for the case of differently
constrained edges, methods able to deal with free boundary conditions and support conditions
are rare, with some very recent exceptions (R. Li et al. 2016). For these reasons, a finite element
approach was chosen and the software ANSYS Workbench was used. ANSYS Workbench is
software commonly utilized for finite element modeling, and some examples can be found, for
instance, in the work of Fragassa and Pavlovic (2016), concerning the viscoelasticity of ceramic
tiles, or in the work of Tsamasphyros et al. (2009). One particular feature of ANSYS
Workbench, which is exploited in this paper, is the possibility of doing parametrical analyses.
An example of ANSY'S parametrical analysis approach can be found in the paper of Wang et al.
(2008), where a parametrical approach is taken for design optimization purpose.

Before running the simulations, various aspects of the problem were analyzed in order to
define a proper working procedure. Then, the simulations were run following a specific plan
and the results were analyzed and discussed. The final purpose of the presented investigation,
concerning the influence of the pattern type and its geometrical parameters on the slab stresses
and deformations, was the definition of a guideline aimed at helping the pattern choice in
practical situations.

2. Materials and Methods

2.1 Main Components

Commercial suction cups used for this purpose have a nominal diameter of about 20 cm, and
are able to support about 20 kg each.
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With regard to the slabs, according to a market analysis, the following typical large sizes
were taken into account:

Type Size [mm]
1 1200 x 1200
2 1600 x 1600
3 1200 x 2400
4 1000 x 3000
5 1600 x 3200

Table 1. Most common commercial slab sizes

Since thickness is a very important parameter in evaluating the stress distribution, for each
size the thickness was considered a variable from 3 mm to 15 mm, a range that embraces all the
most common thicknesses of the sizes listed in Table 1.

2.2 Suction Cup Patterns

Three suctions cup patterns were considered, the ones most easily supported by a light and
simple steel structure, typically composed of a series of steel bars. The three patterns A, B and C
are formed by 2, 4 and 6 suction cups, respectively (Fig. 6). Each pattern was considered
symmetrical, due to the uniform stress distribution that they are able to guarantee. In addition,
this choice made the theoretical investigation quite simple, since only a few parameters were
needed to define the position of each suction cup.
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Fig. 6. The three considered suction cup patterns: (a) Pattern A; (b) Pattern B; (c) Pattern C.
The suction cup centers are positioned symmetrically with respect to the axes a; and a

2.3 Slab properties

The slab was modeled as a thin plate, and the material was considered isotropic and defined by
the following parameters:

85



86 I. Campione et al.: Geometrical Parameters Optimization of Suction Cups-Based Devices for Large-Sized...

= Young modulus E: 68 GPa
= Bulk density p: 2380 Kg/m®
= Poisson ratio v: 0.22

The values were set according to Raimondo et al. (2010). The same paper reports that large
slabs exhibit a limited sensitivity to the presence of microstructural defects (the coarsest pores
are approximately 50 pum, and the critical defect size is in the 215-250 pum range). This is an
important remark because it permits taking a classical approach in evaluating the admissible
stress, instead of an approach based on the fracture mechanics.

2.4 Methodology

Once the components and the pattern parameters were defined, it was possible to define a
methodology to address the problem.

The aim of the investigation was set as: among the three considered, find the most suitable
suction cup pattern and its optimal parameter values (Fig. 6) for each size and thickness
considered.

To achieve this aim, the following two aspects were taken into account:
1) Maximum weight that the number of suction cups of the pattern can support.

2) Maximum stress and deformation on the slab during the lifting operation. The slab was
considered lifted in a direction perpendicular to its plane.

For the first aspect, the maximum thickness th (in m) that each suction cup pattern can
support for each slab size was computed as:
nWs
th = ' Q)
where n is the number of suction cups of the considered pattern, p the density (in kg/m?®) of the

porcelain stoneware, A the surface area of the slab (in m?), and W; the maximum weight (in kg)
that a single suction cup can lift (set equal to 20 kg). In Table 2 the results are summarized:

Size [mm]

n 1200 x 1200 | 1600 x 1600 | 1200 x 2400 | 1000 x 3000 | 1600 x 3200

2 11 6 5 5 3
4 23 13 11 11 6
6 35 19 17 16 9

Table 2. Maximum thickness (rounded down) in mm for each combination of suction cups and
slab sizes

For the second aspect, different sets of structural simulations were run on the finite element
software ANSY'S Workbench. Since the thickness of the slab is very small compared to its size,
the slab was modeled as a 2D shell. According to Kovacevic¢ et al. (2008), this allows to reduce
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computational time without a substantial loss of accuracy. The following constraints and loads
were considered on the slab:

= Fixed support rings (200 mm diameter) at the level of the contact region between the
slab and the suction cups.

= Standard earth gravity (oriented normally to the surface of the slab).

= [Inertial acceleration (positive if upward oriented, so that gravitational acceleration is
negative).

[A] Standard Earth Gravity: 9,8066 m/s*
. Fixed Support
Acceleration: 1,73 m/s®

Fig. 7. Constraints and loads applied on the slab

The fact that suctions cups were not included into the simulations and their action was
modeled with a fixed support is a simplification, since the introduction of a realistic model of
suction cups (hyperelastic material, different pressure inside and outside, friction, etc.) would
have caused an important rise in the model complexity, with no significant improvement of the
results accuracy.

The lifting movement, usually carried out by manual operators, was modeled with a law of
dynamic response of second order, whose shape can well approximate the human dynamic
motion during the lifting operation (Ueno et al. 1996).
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Fig. 8. A second order displacement law and its two derivatives
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The displacement law in Fig. 8 was computed by setting the overshoot to 20%, the settling
time to 5 seconds and the horizontal asymptote to 1 meter, values that were considered adequate
if the slab is lifted by manual operators from the floor. The corresponding value of natural
pulsation and damping factor are w,= 1.316 rad/s and § = 0.456, respectively. Only the positive
values of the acceleration contribute to the increase of the stress values (being the inertial force
added to the gravitational load), and since the material fatigue is not considered in this analysis,
only the maximum positive acceleration is relevant. The maximum positive acceleration is at
the initial time instant, and its value can be computed as wn?. Therefore, the inertial acceleration
considered in the static-structural simulation was wn? = 1.73 m/s?.

2.5 Meshing parameters

A proper control of the meshing process is fundamental to achieve good accuracy and reliability
of the results. In Fig. 9 the meshing approach is shown, with particular focus on the region in
proximity of the fixed rings. In that region having the mesh denser is desirable, considering that
in this zone the stress is supposed to be maximum.

Fig. 9. Mesh used. At right, a close-up view of the mesh near a fixed ring

To obtain the mesh shown in Fig. 9, a triangles-based method was used, setting the
following parameters:

*  minsize: 1 mm

=  max face size: 10 mm

The method was inflated near each ring in order to obtain smaller elements to the extent
that the distance from ring decreases. The inflation properties were set in the following way:

= number of layers: 25

= growth rate: 1.2

= maximum thickness: 40 mm

Furthermore, a sizing of 200 elements was added on each ring.

2.6 Safety factor choice

Before examining the stress distribution on the slabs, it is necessary to define the maximum
stress admissible. For ceramic tiles, the modulus of rupture and the breaking strength have to be
determined according to the BS EN ISO 10545-4, and the standard requirement for the modulus
of rupture, according to 1ISO 13006 is 35 MPa. The admissible stress g, (in MPa) was computed
as:

0, = 3 [MPa] )

T sF
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Where SF is the safety factor. The choice of 35 MPa could be already considered a safe
choice, since according to Raimondo et al. (2010) the modulus of rupture of large-sized ceramic
slabs is around 70 MPa. However, there is a chance to find in the market large-sized ceramic
slabs that have a lower modulus of rupture (down to 35 MPa, the lower value in compliance
with the requirement). The safety factor SF = 1.75 was chosen, and thus an admissible stress
equal to 20 MPa. In addition, a limit of 4 mm in the admissible vertical elastic displacement
was set (Raimondo et al. evaluated 5 mm the maximum elastic displacement).

3. Results and discussion

In this section, the results of the sets of static-structural simulations run in ANSYS Workbench
are shown and analyzed.

3.1 Investigation of the pattern parameters variation

The first set of simulations was aimed at assessing the values of the parameters reported in Fig.
6 that ensure minimal deformations on the slabs. A parametrical analysis on a fixed thickness of
6 mm (the most common slab thickness) was performed for the different slab sizes. For size
types 1, 2 and 3 (Table 1) only Pattern A and Pattern B were considered, whereas for size types
4 and 5 only Pattern B and Pattern C. For what concerns Pattern B, wherein two parameters are
present, two different strategies were utilized, one for the square sizes and one for the
rectangular ones:

= Square sizes: because of the symmetry, the center coordinate of the suction cup was
varied along the slab diagonal, so that the investigation was only one-parameter
dependent.

= Rectangular sizes: a 2D grid was defined and the vertical deformation (i.e. the elastic
vertical displacement) evaluated on each grid point.

With regard to Pattern C, dz was fixed in the optimal position found for Pattern B, and
only d; was varied. This strategy is admissible if the deformation in the midpoint (positioned on
the axis a;, Fig. 6) between two suction cups does not significantly vary when adding the two
new suction cups (while maintaining other conditions unaltered). This assumption was
subsequently verified, obtaining variations on the deformations of 0.001 mm for the 1000 x
3000 mm size and 0.08 mm for the 1600 x 3200 mm size.
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Fig. 10. One-parameter optimization for Pattern A and Pattern B, for different slab sizes
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In Fig. 10 the graphs obtained by the one-parameter dependent optimizations of Pattern A
and Pattern B are shown. In the y-axis label, “Deformation” refers to the peak (negative) value
of vertical displacement (i.e. orthogonal to the slab undeformed surface). In Figs. 11-14, the
two-parameter optimization for Pattern B is shown for rectangular sizes: for the sake of clarity,
the discrete sets of result values were interpolated with a surface. In Fig. 15, the one-parameter
optimization for Pattern C is shown. The parameters d; and d2 were varied in general with 100
mm steps, with the exception of the 1200 x 1200 mm slab case and the graphs of Fig. 15, where
a 50 mm step was utilized for graphical purpose.
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Fig. 11. 1200 x 2400 mm, Pattern B. Fig. 12. 1000 x 3000 mm, Pattern B.
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Fig. 13. 1600 x 3200 mm, Pattern B. Fig. 14. 1600 x 3200 mm, Pattern B,
different view.

By analyzing the Figs. 11-14, one can observe that the variation of d; affects pretty
significantly the deformation, whereas the variation of d, has not an important effect, in fact the
curve is fairly flat in respect to a do variation. This can further support the one-parameter
dependent strategy chosen for the variation investigation of the Pattern C parameters.
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Fig. 15. One-parameter optimization for Pattern C

In Fig. 15, the marked change after the peak particularly visible in the 1600 x 3200 mm
slab case is due to the fact that at about that point the maximum deformation does not occur
anymore on an internal region of the slab, but on an edge.

In Table 3 the determined optimal values of the geometrical parameters are collected. The
criterion that defines the optimum is the minimum peak value of the deformation.

Size [mm]
Pattern | 1500 x 1200 | 1600 x 1600 | 1200 x 2400 | 1000 x 3000 | 1600 x 3200
A di = 300 di = 400 di = 500 - -
B d;|_z 250 d1 ~ 400 d1 ~ 500 d1 ~ 700 d1 ~ 700
dz ~ 250 dz ~ 400 dz ~ 250 dz ~ 250 dz ~ 300
C d1 ~ 400 d1 ~ 450
dy = 250 d> =~ 300

Table 3. Optimal values (in mm) of geometrical parameters for the different combinations of
patterns and slabs sizes

The values of Table 3 are referred to a thickness of 6 mm. The hypothesis that these values

do not depend on the thickness in the range 3-15 mm was assumed and applied to the other sets
of simulations illustrated in the next paragraphs. The suitability of this hypothesis can be
(partially) verified by observing the graphs of Fig. 16, where four different thicknesses are
taken into account for two different slab sizes (considering the Pattern A). By changing
thicknesses, the value of d; corresponding to the peak remains the same.
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Fig. 16. Variation of d; (Pattern A) for four different thicknesses, for two different slab sizes:
(a) 1600 x 1600; (b) 1200 x 2400

3.2 Thickness variation investigation

The second set of simulations was run to assess the influence of the thickness variation, and to
spot the thickness limit value that causes deformations higher than 4 mm and/or stresses higher
than 20 MPa. To this aim, the pattern with the lower number of suction cups was considered for
each size, and a parametrical analysis on the thickness variation was performed (the other
parameters of Table 3 being fixed), leading to the graphs of Fig. 17. In the y-axis label,
“Deformation” refers to the peak (negative) values of vertical displacement (i.e. orthogonal to
the slab undeformed surface) and “Stress” refers to the maximum equivalent stress according to
Von Mises criterion. The thickness was varied with 1 mm steps from 3 to 7 mm and with 2 mm
steps from 7 to 15 mm. The straight lines in Fig. 17 represent the maximum acceptable values
of deformation (Fig. 17a) and stress (Fig. 17b).
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Fig. 17. (a) Deformation and (b) Stress as a function of thickness for the different combinations
of sizes and patterns

By analyzing Fig. 17 one can observe that the condition on the stress allows lower
thicknesses than the constraint on the deformation that proves stricter, and will be thus uniquely
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considered in the following. Table 4 summarized the results. The values represent the maximum
allowed thickness to compel with the constraint of the maximum deformation value of 4 mm.

Size Thickness Limit
Pattern
[mm] [mm]
A 1200 x 1200 4
A 1600 x 1600 7
A 1200 x 2400 5
B 1000 x 3000 5
B 1600 x 3200 6

Table 4. Thickness limit under which the threshold value of deformation of 4 mm is exceeded,
for different combinations of sizes and patterns

3.3 Additional analyses

The values of Table 4 suggest that if the thickness is lower than the thickness limit the
considered pattern is not suitable, thus a pattern with a higher number of suction cups is
required. The last set of simulations was performed to asses if the pattern named with the very
successive letter is able not to exceed the threshold values of deformation and stress. Since the
most critical case occurs for the thickness of 3 mm, one can just verify that the thresholds are
respected for that case, because if it holds true, they are respected for all the thicknesses in the
range. As it can be seen in Table 5, all the values are beyond the deformation and stress
thresholds. Some of the complete stress and deformation maps are shown in Figs. 18-20.

Size Stress Deformation
Pattern
[mm] [MPa] [mm]
B 1200 x 1200 3.12 -0.3
B 1600 x 1600 6.92 -1.84
B 1200 x 2400 15.19 -3.85
C 1000 x 3000 7.91 -1.37
C 1600 x 3200 11.16 -2.54

Table 5. Maximum equivalent stresses (\Von Mises) and peak deformation values for different
combinations of sizes and patterns, for the thickness of 3 mm
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Fig. 18. 1600 x 1600 x 3 mm, Pattern B. (a) Equivalent stress in MPa; (b) Vertical deformation
inmm
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Fig. 19. 1200 x 2400 x 3 mm, Pattern B. (a) Equivalent stress in MPa; (b) Vertical deformation
inmm
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Fig. 20. 1600 x 3200 x 3 mm, Pattern C. (a) Equivalent stress in MPa; (b) Vertical deformation
inmm

By taking into account both the thickness limitations for the different patterns due to the
suction cup force presented in Table 2 and the thickness limitations due to the deformation and
stress thresholds presented in Table 4, the summarizing Table 6 was compiled. The results
collected in this way can provide a useful guideline for selecting the type of suction cup pattern
to use in specific cases. It has to be pointed out that the patterns reported as optimal in Table 6
are the simplest ones able to perform the task (e.g. if a task can be performed by the Pattern A,
it can be performed by Pattern B and Pattern C as well, whereas vice versa does not hold). As
for the 1600 x 3200 mm size, if the thickness overcomes 9 mm only 6 suction cups are not able
to provide the proper gripping force, therefore the number of suctions cups has to rise.

Thickness [mm]

4 5 6 7 8 9 10 11 12 13 14
Size [cm]
120x120 | B A B
160 x 160 B C
120 x 240 B o
100 x 300 C B Cc
160 x 320 Cc /

Table 6. Optimal patterns suitable for each size and thickness
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4, Conclusions

Large-sized ceramic slabs with very low thickness (down to 3 mm) have become common
market products in the last decades, thanks to the outstanding improvements in materials and
production cycles. The handling and transportation of these large slabs have to be carried out
properly, in order to prevent high stresses and deformations that could damage the products. In
the vast majority of cases, the handling relies on suction cups-based devices that are able to
provide the necessary gripping force and are extremely suitable, since they only need contact
with the upper slab face to operate. The number of suction cups and their corresponding
arrangement is crucial for an optimal stress and deformation distribution on the slab. A
methodology to address the issue was proposed and a numerical study relying on finite element
analysis was conducted in order to investigate the effects of the variation of the pattern type and
its geometrical parameters. Furthermore, a guideline aimed at supporting procedures for the
selection of the suction cup pattern was provided, and it can be exploited to deal with the
handling of the most common large-sized ceramic slabs on the market.
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