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9 Abstract: The increased consumption of food requiring thermoformed packaging means that the
10 packaging industry demands customized solutions in terms of shapes and sizes to make the
11 packaging unique. In particular, the food industry increasingly requires more transparent
12 packaging, with greater clarity and a better presentation of the product features they contain.
13 However, in turn, the differentiation of products is sought through the geometry and final finish of
14 the product, as well as the arrangement of food inside the packaging. In addition, these types of
15 packaging usually include ribs in the walls to improve physical properties, however they also affect
16 the final aesthetics of the product. In accordance with this, this research study analyses by studying
17 the mechanical properties of different relief geometries that can affect not only the aesthetics but
18 also their strength. For this purpose, tensile and compression tests have been carried out. The results
19 provide comparative data on the reliefs studied and show that there are different shapes, sizes and
20 layout.
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24 1. Introduction

25 Thermoformed food packaging usually called rigid or semi-rigid containers have as main
26 functions, as in other types of packages, the protection, containment, preservation and distribution
27 [1, 2]. According to this, different types of thermoformed packaging can be observed in the market
28  according to the specific needs of the food. These include heat-sealable containers for processed or
29  semi-processed products [3, 4]; and packaging usually applied to fresh products, such as fruit or
30 vegetables [5], all of which are therefore often used for products with a short life cycle and with the
31 aim of protecting and making food more functional [6]. For this reason, during the development of
32 these containers, the aim is to reduce the amount of material used to increase sustainability by
33 reducing the large amount of waste generated [7]; and also to optimise production costs while
34 maintaining their functional properties [5].

35 On the other hand, although distribution is one of the main functions [8, 9], most of these
36  packages reach the consumer, especially because of the new trend of food on the move [10]. For this
37  reason the design and finish of these packages must also be taken into consideration. Thus, the
38  ergonomic and functional aspects of the packaging must be aimed at adapting the product to the
39 consumer's needs for use and protection of the food it contains [2].

40 Throughout the short life cycle of freshly packaged food there are very different situations to
41  which the packaging is exposed to aggressions. This is linked to the sustainability of both the product
42 inside and the cost of material involved. Thus, food packaging can delay and protect food from
43  physical, chemical and biological spoilage, i.e. packaging can extend shelf life and ensure product
44 quality [7]. Light, humidity, microorganisms, shocks and mechanical forces are examples of some of
45  the external agents that can adversely affect food [2]. In general, both the handling of the package, its
46  transport or its stacking on the supermarket shelf are considered external aggressions to the food
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47 contained inside before consumption [5]. Based on the above observations, it may be considered
48  necessary for this kind of packaging to have elastic deformation in order not to break with the
49  different situations in which it may be found.

50 Concretely, the weight of the food generates tensile stresses in the walls. One of the situations in
51  which this occurs is when the container is suspended during transport or handling. Also, during
52 transport the containers are normally also stacked and this means that the container must also
53  withstand the stacking weight. These mechanical forces cause a compressive stress on the container
54  walls. Also, in situations where a user, whether a consumer or not, handles the packaging, a
55  functional situation occurs where the packaging must protect the food [11].

56 According to these approaches, thermoformed containers usually incorporate patterns on the
57 walls of the container, in the form of relief, which are used to give the container mechanical
58  properties, without the need to increase the thickness of the sheet. In addition, they can attribute a
59  different geometric aspect by creating a semantic value on the product. However, the containers
60  currently used in the market usually only incorporate reliefs in the form of vertical ribs or columns,
61  generally with square geometry.

62 A related point to consider is the package visual appearance, which influences the decision of
63  consumption due to its symbiotic or simply aesthetic qualities [12, 13]. In these circumstances, the
64  container may be a key factor in the consumer decision-making, allowing inferences to be drawn
65  about the product, its attributes, or its taste. Finally, apart from giving shape to expectations, the
66  package can influence subsequent experiences in the product [14]. So much so that many researchers
67  study its influence in materials, shapes and sizes [3,13-17]. Although a few of them focus on the tactile
68  sensation that the container causes. This is a new trend in packaging, for example in cosmetics or
69  drinks [18]. It can be deduced that a designed texture or relief using differentiating factors can attract
70 consumers as much as shape or colour. Hence, it seems quite interesting the possibility to design
71 custom geometries, although it may alter functional properties.

72 Given the above conditions, the influence of relief geometries on the mechanical properties of
73 thermoformed sheet is studied and analysed in this work. By means of this methodology, the
74  properties of the reliefs of the packaging can be evaluated in order to guarantee sustainability and
75  also to reduce the expense of plastic material. Furthermore, the improvement of the mechanical
76  properties of the containers also contributes to increase the useful life of the food.

77 For this purpose, it has been proposed to use Fused Deposition Modelling (FDM), Additive
78  Manufacturing (AM) technology, to make economic moulds that allow thermoforming of test
79  specimens. AM refers as a general term to manufacturing technologies that build up a product layer
80 by layer [19]. Since the 1980’s, AM first started unsteadily and then moved from laboratory to
81  industrial practice. New applications are constantly announced and they develop over time [20].
82  Thus, the applications of this technology have been increasing. Despite the fact that AM processes,
83  such as Stereolithography (SLA), FDM or Selective Laser Sintering (SLS) were initially created for the
84  purpose of generate rapid prototypes, it is currently sought to use them in order to create final
85  products [21, 22].

86 In the context of thermoformed products, the findings encountered are research related to
87  creating moulds from additive manufacturing [23]. These applications specifically focus on the study
88  of this technology, in the field of design and development process, in order to create moulds for short
89  series [24]. To do this, additive manufacturing is used to validate proposals as well as for research
90  support, as it allows to generate moulds in a fast and economic way [25, 26].

91 Nevertheless, it is observed from studies that the investigated technology in the field of
92  thermoforming is the Laser Sintering. In this research, in contrast, the application of the FDM
93 technology is considered since it is an affordable technology and accessible to every design teams
94 [27]. In effect, the creation of moulds by the use of FDM offers the possibility of creating moulds that
95 are suitable for high quality evidence, though it may also result slow and costly [28]. Thus, printers
96  provide the possibility of generating mould in order to create thermoformed prototypes in a rapid
97  way. This results in deadlines being shortened in design development as well as the avoidance of
98  errors.
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99 2. Construction of test specimens

100 In this work a study of the mechanical behaviour of reliefs was carried out. Initially, the reliefs
101  were evaluated as a unit, carrying out tensile tests, with the aim of comparatively analysing the
102 existing differences between geometries and relief sizes. After that, the influence of the positioning
103 and number of the reliefs on the faces of a container, used as a test tube, was studied, performing
104 compression tests.

105 The overall procedure for the manufacture and preparation of the specimens for the mechanical
106  properties tests consists of several phases, Figure 1: generation of the specimen and mould in CAD
107  using the Solidworks® program, 3D printing of the specimen using Simplify software for the
108  generation of the G-code, thermoforming and cutting of the sheet to obtain the final specimens that
109  will be used for the tests that give rise to the results. For the manufacture of the mould of the specimen
110 printed in FDM is used the 3D printer machine Witbox® and PLA filament with a diameter of 1.75
111 mm have been used. The machine used for thermoforming the sheet was the table-top thermoforming
112 machine Formech Compac Mini. Finally, Minitab program was used for the treatment of the
113 statistical data.

Design of the nerves of the wall

Modelling of the CAD model

/_/_\_/_\_I

J_/_\g Manufacturing of the mould

Thermoforming of the sheet

,_/_\_/_\_l

Measurement of the part

'
T
Analysis de los results
114
115 Figure 1. Methodological procedure.

116 2.1. Procedure for the construction and preparation of tensile specimens.

117 In the case of the generation of tensile specimens, it is necessary to ensure the flatness on the
118  surface. For this purpose, a two parts hybrid mould was designed, Figure 2 a). One part is common
119 to all the specimens (1), Figure 2 a), and consists of a wooden profile with perforations along the
120 perimeter to ensure that the sheet is fixed along the entire surface during the thermoforming. This
121 profile (1) also serves as a cutting template to remove excess material in order to ensure repeatability
122 during specimen creation. The second part corresponds to the mould of the specific specimen
123 obtained by FDM (2), Figure 2 a), which once printed is fitted into the wooden profile to generate a
124 mould with a flat surface and thermoform the specimen, Figure 2 b). This ensures that there are no
125  rounding along the perimeter of the base of the specimen.
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126 Then, Figure 2 c) shows the procedure for obtaining the final specimen. Once the specimen was
127  thermoformed, the PET sheet is cut. The wooden profile (1) is used to mark the cutting perimeter
128 over the thermoformed sheet. To make the cut, a sheet shear has been used, according to [29].

129
2
Sheet
Mould
(b)

()
130 Figure 2. Thermoforming of specimens for tensile tests: a) Hybrid mould; b) Thermoforming of the
131 sheet with hybrid mould to obtain the thermoformed sheet specimen; c) Procedure for obtaining the
132 thermoformed specimen.
133 2.2. Procedure for the construction and preparation of specimens for compression tests.
134 The specimens used for compression tests have a square format and a mould made entirely of

135 FDM, Figure 3, is used for their construction. This kind of format is because it has flat sides and this

136  way it can be compared the results with traction.
Sheet

137

138 Figure 3. Thermoforming process of specimens for compression tests.
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139 The generated mould, Figure 4 a), contains a draft angle and a base with a 45° chamfer to avoid
140  the appearance of defects on the thermoformed sheet, in accordance with [30]. It also contains
141  vacuum channels to ensure proper attachment of the PET sheet to the mould. The channels have been
142 made at 3 heights along the walls of the mould with an angle of 45 °, Figure 4 b).

143
(a) (b)
144 Figure 4. Example images of the mould used for thermoforming compression specimens: a) image of
145 the mould, b) vacuum channels included inside the mould.
146 Once the thermoforming process has been carried out, Figure 3, the excess of the sheet has been

147  eliminated using the Iberolaser IL-1390 laser cutting machine. This cutting procedure is precise and
148  leaves no defects on the cutting surface.

149 3. Materials and Methods

150  3.1. Tested material

151 The material used in this test was a three-layer PET laminate roll with a recycled PET sheet inside
152 and the thickness used was 180 micrometres. The choice of this material is due to the fact that it is the
153 material used for industrial use and is used for food packaging. This material has undergone an
154  extrusion manufacturing process. The properties provided by the supplier are detailed in Table 1,
155  conform to UNE-EN-ISO 527-3 [31] and DIN 53479-B [32].

156
157 Table 1. Properties of PET laminate

Thickness Surface Tensile Ductility Ilflpad Density

treatment strength resistance
0.180 mm Silicone on
' 130, both outer >50 N/mm? 220% >3 KJ/m?2 1.33 gr/cm?
= sides

158
159  3.2. Tensile test method
160 The main objective of these tensile tests is to deepen the knowledge of the behaviour of the

161  different geometries in relation to the dimensions of the sheet protrusion. In addition, for the correct
162  evaluation of the reliefs, it is considered necessary to carry out a morphological study of the
163 thermoformed geometries, for this reason the reliefs are included in a unitary way on each specimen.

164 3.2.1. Morphological study

165 A total of 9 different types of test tubes were studied based on the study of three different reliefs.
166 On the one hand, three basic geometries were analysed: semicircular (A), square (B) and triangular
167  (C). These geometries are transferred to the PET sheet in a straight line. On the other hand, three size
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168  or scale relationships were studied: a, a/2 and 2a where a is 3 mm in the designs made, Figure 5. The
169  value of was selected after analysing the reliefs present in different commercial packages.

170
a a a
+ = < > - *
s A A , A
a a a
v 4

(a) (b) (c)
171 Figure 5. Geometries of the studied reliefs: a) semi-circular; b) square, B.; c) triangular, C.
172 The different geometries that although sharing the dimensions of height and maximum width

173 do not have the same section area, directly affecting the mechanical properties of the geometry due
174 to the dimensional relationship of equation 1.

o=F/A, 1)
175 The area of relief type A presents a semicircular geometry in the upper part and straight sides,
176  the theoretical area of the geometry that is going to be thermoformed is given by equation 2, Figure
177  6a).
A= (nr?/2) + ab, (2)
178 where a corresponds to the measurement given in the dimensions of the relief and b is the height
179  of the lateral part of the relief.
180 On the other hand, area type B has rectangular section so the calculation of the area corresponds
181  toequation 3, Figure 6 b).
A= ab, 3)
182 Also, the area type C is given by equation 4, corresponding to the area of a triangle according to
183 [30], Figure 6 ).
A=ab/2, 4)
184 where a is the width of the triangle, measured by the dimensions of the designed test tubes and

185 b corresponds to the height of the triangle which is the same as a in the mentioned measurement
186  relations.

187  3.2.2. Mechanical characterization study

188 In accordance with standard UNE-527-3 [31], Figure 6, in the test specimen designed the
189  dimensions used for b and L3 correspond to 25 mm and 152 mm respectively. As for the relief
190  geometry, included on the flat specimen, the dimensions correspond to the specific ones for each
191  relief geometry, Figure 6. The longitudinal dimension, Lr, remains constant in all the specimens, with
192 a distance of 40 mm. This dimension is less than 50 mm to ensure that the relief studied remains
193 within the test area, LO. Figure 7 shows the types of specimens studied that included the reliefs in the
194 central part.
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195
196 Figure 6. Dimensions of specimen according to standard. Adapted from [31].
197
198 Figure 7. Thermoformed specimens
199 The guidelines established in [31] y [33] have been taken as a reference for carrying out the tensile
200  tests. Thus, a total of 5 specimens per geometry were studied.
201 The machine used for mechanical testing is the equipment Shimadzu, model AG-X, with a load

202 cell of 50KN, Figure 8 a). The machine is connected to a desktop computer with which all test
203  parameters are entered by means of the universal test program Trapezium®, which incorporates a
204  user-friendly graphic interface and is compatible with Windows®. For the development of the tests,
205  plastic-specific jaws were used, Figure 8 b).

206

(@) b))

207 Figure 8. Testing machine with clamps for tensile tests.
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After the laboratory tests, from which experimental data were extracted, tensile tests were
carried out through simulation using a finite element software (FE). The software Solidworks® and
Hyperworks® Rasioss were used for geometric modelling and dynamic simulation, respectively.

On the other hand, it is understood that by the properties of the specimens there is the possibility
that the results extracted from the simulation can be an approximation to the real tests carried out
[34]. In this sense, due to the fact that the greater the range of displacement, the more the test time
increases, the study time was defined in 6 seconds. Thus, this range has been able to calculate the
behaviour of the specimen including Fy.

3.3. Method for compression tests.

The objective of the compression tests, with a structure similar to that used for tensile tests, is to
deepen the knowledge of the behaviour of the reliefs included on the walls of the packaging. The
main idea of this study is to evaluate the influence of the number of reliefs on the packaging and the
distance between them.

Several reliefs have been introduced on the side and at different distances between them in order
to know the influence of the position on the mechanical properties. In this case, the study is restricted
to the study of type A geometry (Figure 5a), including the three relief sizes.

3.3.1. Macrogeometric analysis

The moulds and thermoformed packaging have been visually inspected to analyse the final
result obtained, Figure 9. Likewise, all the tests carried out have been recorded in order to study the
behaviour of the specimens subjected to compression.

(a) (b)

Figure 9. Example images of the results obtained: a) mould A2_M3, b) packaging created with mould
a).

For the inclusion of the reliefs it was defined to introduce by face: 1, 3 and 5 reliefs. All of them
from the centre of the face towards the extremes. In this way the reliefs were placed symmetrically.
Table 2 details the photographs of the designed test specimens.

In this sense, two distances between reliefs have been studied: 3 mm and 6 mm. M1 being the
test piece that includes 1 relief, M2 and M3 correspond to 3 reliefs, with a distance of 3 and 6 mm
respectively, and M4 and M5 correspond to the test pieces that have 5 reliefs, 3 and 6 mm respectively.
A2 geometry with 5 reliefs and 6 mm spacing was not evaluated because the size of the specimen face
is smaller than necessary to include these reliefs.

d0i:10.20944/preprints201901.0015.v1


http://dx.doi.org/10.20944/preprints201901.0015.v1
http://dx.doi.org/10.3390/ma12030478

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2019 d0i:10.20944/preprints201901.0015.v1

90of19
240 Table 2. Nomenclature of reliefs according to the type of relief, distance and dimensional
241  correspondence.
Relief dimensional Distance between
Relief Specimen  N¢reliefs Relief size (mm)
proportion reliefs (mm)

02 - - - - -

A0 M1 1 a/2xa/2 1.5x1.5

A0 M2 3 a/2xa/2 1.5x1.5 3

A0 M3 3 a/2xa/2 1.5x1.5 6

A0 M4 5 a/2xa/2 1.5x1.5 3

A0 M5 5 a/2xa/2 1.5x1.5 6

Al M1 1 axa 3x3 -

Al M2 3 axa 3x3 3

Al M3 3 axa 3x3 6

Al M4 5 axa 3x3 3

Al M5 5 axa 3x3 6

A2 M1 1 2ax2a 6x6

A2 M2 3 2ax2a 6x6 3

A2 M3 3 2ax2a 6x6 6

A2 M4 5 2ax2a 6x6 3
242
243 3.3.2. Mechanical characterization
244 A total of 15 tests were studied, including the specimen test without reliefs. The geometry of the

245  specimen is of square base and dimensions 50x50 mm, according to [35]. Figure 10 shows an image
246  with the dimensions of the smooth specimen, O2.

247
g '} ‘
m..
© o
03\/' )
]
055
(a) (b)
248 Figure 10. Images and dimensions of the plain test specimen, O2: a) general dimensions, b) test
249 specimen.
250 The compression tests were carried out according to the guidelines established in [35] and [36].
251 4 tests were realized per test specimen typology.
252 The machine used to carry out the mechanical compression tests, Figure 11 a), as well as the

253  tensile tests, Figure 11. The load cell is 50 KN. Like the tensile tests, the test parameters were entered
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254  into the software of the Trapezium® equipment. With regard to the compression speed of the tests,
255  the one employed was 10 mm/min, according to [36].

a)

256
257 Figure 11. Compression tests: a) general machine view, b) specimen positioning.
258 The compression tests were recorded using a high-precision digital camera Canon EOS 650D.

259  The recorded images of the compression specimens have been used to evaluate when the containers
260  start to be compressed. In fact, in this experiment it is interesting to observe the deformation with
261  respect to the force that the yield limit; since a container is valid until a deformation that does not
262 affect the product of the interior. In addition, the folds that occur on the walls could generate invalid
263  force data produced by these deformations.

264 The test procedure started with the placement of the specimens on the cylindrical platform of
265  the testing machine, Figure 11 b). The load cell approaches the specimen and, once the machine has
266  been calibrated, the compression test has begun. The control parameters set in the program were F in
267 N, time in s and displacement in mm.

268 After carrying out the laboratory tests, a case study was carried out, using the same methodology
269  as in the tensile tests, with one of the test pieces used to compare the simulation with the data
270  obtained in the real tests. This case study seeks to open the line of research on the relationship
271  between the properties of the reliefs on the containers.

272 The simulation, as in the tensile tests, was carried out with Hyperworks Radioss® and
273 Solidworks® where the base was established as fixed and constant speed was included in the upper
274 side.

275 4. Results and discussion
276  4.1.Tensile strength

277  4.1.1. Mechanical evaluation

278 As can be seen in Table 3, the three geometries present a different section area produced by the
279  type of relief and size. Thus, the study of thicknesses on the physical specimens was carried out to
280  obtain the real area bearing in mind that the material is stretched where the thermoforming process
281  takes place. According to this, the specimens presented a different tensile strength given by the type
282  of area and volume generated.

283
284 Table 3. Results of the area of specimens and tensile strength.
Measured section area _
Relieve X Fy (N) Standard deviation
(mm?2)

A0 4.60 187.24 15.87

Al 4.82 163.49 22.04

A2 5.31 109.75 15.02

B0 4.68 182.78 22.56
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B1 4.64 128.53 17.74
B2 5.63 112.71 16.07
Co 4.56 184.06 30.90
C1 4.66 180.38 16.14
C2 4.93 112.84 10.09
285
286 As can be seen in Figure 12, geometry 0 provides higher force values compared to the lower ones

287  thrown by geometry 2, independently of the type of form A, B or C. This is related to the fact that a
288  smaller area of section provides a greater wall thickness after thermoforming due to the lower
289  stretching suffered by the specimen and generating greater rigidity to the relief.

290 Indeed, for this geometry, the smallest, the values reach forces around 185 N, although it is true
291  thatitis the A geometry that seems to maintain a lower dispersion in the repetitiveness of the tests.
292  This phenomenon is especially visible in BO and CO results, although itis in the latter geometry where
293 there is greater dispersion of the results where some tests reach values of up to 35% lower than the
294  established maximum. This may be due to the fact that the vertices of square and triangular geometry
295  can act as stress concentration points, which can lead to defects and micro-cracks that lead to
296  premature failure.

297 Geometry 1 presents intermediate force values to those compared for geometry 2 and 0 with
298  greater variability in the averages obtained. Thus, C geometry presents values close to those reached
299  for the smallest relief with an average of approximately 180 N. However, B geometry obtains values
300  closer to those found in higher relief tests with an average of about 130 N. This seems to reinforce
301  what was previously discussed with respect to the area of the section.

302 In table 3 it can be seen how the section for geometry B1 (4.64 mm?2) is considerably higher in
303  proportion to A1 (4.82 mm2) or C1 (4.66 mm2). Thus, it can be established that geometries with a
304  section area less than 5 (A0, BO, C1 and C0) provide higher values of force. As for the dispersion of
305  theresults, the tests show similar values independently of the selected shape, although slightly higher
306  in A geometry.

307 In turn, geometry 2 presents mean values of about 110 N, about 40% lower than the results of
308  geometry 3. In a deeper analysis of the results, the geometry 2 tests show values between 90N and
309  approximately 130 N with smaller dispersions than in previous cases. In table 3 it can be seen how
310  the section for geometry B1 (4.64 mm?2) is considerably higher in proportion to Al (4.82 mm?2) or C1
311 (4.66 mm?2). Thus, it can be established that geometries with a section area less than 5 (A0, B0, C1 and
312 C0) provide higher values of force. As for the dispersion of the results, the tests show similar values
313 independently of the selected shape, although slightly higher in A geometry.

314 In turn, geometry 2 presents mean values of about 110N, about 40% lower than the results of
315  geometry 3. In a deeper analysis of the results, the geometry 2 tests show values between 90 N and
316  approximately 130 N with smaller dispersions than in previous cases.

317 Thus, the nominal stress analysis shows the trend followed by each A, B and C geometry as a
318  function of their relief. In all three cases there is a tendency for the tension to decrease as the relief
319 increases in size. However, as discussed, the C1 case shows a different trend because its section is
320  proportionally smaller than in cases A1 and B1 and similar to the values obtained in geometry 3.
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321
322 Figure 12. Dispersion of Fy in tensile tests.
323 4.1.2. Dimensional evaluation
324 Due to the fact that the base of the specimen influences the result of the tests, the dimensional

325  analysis has been carried out isolating the stress of the relief by means of the dimensional relation
326  given by equation 5:

A oy relief = oy * Arel /A, (5)
327 Where A is the real section of area of the specimen, Ab corresponds to real section area of the
328  specimen base and Awi is the real section area of the relief.
329 Figure 13 details the results obtained according to the middle section, obtaining the tension from

330  the force and area of relief. It is observed that the geometries A1l and C1, which contain the smaller
331  reliefs, support a greater tension, especially C1 in proportion to the relief area. This reinforces the
332 results obtained previously for circular and triangular reliefs with less scale. On the other hand, it can
333 also be seen that the three largest geometries bear less stress, as seen in previous sections, thus
334 highlighting the importance of the relationship between the area of the specimen and the relief.

Specimens
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335
336 Figure 13. Data of the yield stress with respect to the section area of the relief.
337 On the other hand, to try to have a detailed view of the results taking into account only the

338  geometry by scale, the dispersion of the results obtained in Figure 14 is shown.
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339 Regarding the results for geometry 0, 1.5x1.5 mm, Figure 14 a), it is observed that the differences
340  of Fy are minimal according to relief and size. This may be due to the fact that the area of the relief
341  with respect to the specimen is minimal, and therefore has less influence on the base geometry.

342 The results of the tests with the specimens with relief geometry 1 of 3x3 mm, Figure 14 b),
343  evidence that there are differences with respect to the dimension of the relief. They also show that C1
344 geometry withstands the highest stress, and B1 has the lowest tensile strength.

345 Also, Figure 14 c) shows that the geometries for the largest size studied, relief 2 of 6.5x6.5 mm.
346  Thus, the A2 and B2 reliefs present similar creep stress despite the dimensional differences between
347  them, although the triangular geometry, C2, presents greater strength.

i‘é 35 I r’g 35 I
B z
%’. 30 E‘ 30
25 25
20 20
15 15
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(2) (b)
45
"“g 35
£
\Z, 30
&
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348 Figure 14. Comparative graph of the average results obtained for the yield stress of the three types of
349 relief (A, B and C): a) for the lower relief measure 0, 1.5x1.5 mm, b) for the lower relief measure 1 of
350 3x3 mm, c) for the relief measure 2 of 6x6 mm.
351  4.1.3.Simulation validation
352 In general, the curve obtained in the different geometries is partially shifted to the left with

353 respect to the experimental ones, probably due to the placement of the specimen in the testing
354  machine, Figure 15. Another explanation can be given by the flexible characteristic of the specimens
355  where the initial tension varies at the beginning of the test. In this way, it is observed that the
356  specimen begins to stress when the jaws move between 0 and 1 mm, i.e., there is a delay that reflects
357  asaconsequence the described displacement.
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358
359 Figure 15. Example graph comparing the results obtained in the simulation test and the experimental
360 studies.
361 On the other hand, the average values of oy obtained experimentally from the five tests and the

362  values obtained in the simulation are detailed in Figure 16. Thus, and according to [34], it is possible
363  to relate in a comparative way the values obtained in the simulation with respect to the tests using
364  equation 6:

Er = Test value-(simulation value)/(test value) x100, (6)
365 Where Er is the relative error.
366 In view of the results obtained, it can be considered that the simulation model adequately

367  reproduces the mean specimen rupture with a relative error below 2% for circular and square
368  geometries, and slightly higher for triangular geometry specimens. This may be due to the
369  concentration of stresses in the main corner of the triangular specimen as a consequence of the scale
370  of the meshing and the simplification of the geometries, this being a singular point of study that
371  shows a distorted behaviour in comparison to the rest of the reliefs.

372 The graph in Figure 16 shows that the CO and C2 geometries, both with triangular geometry, are
373 the ones with the greatest relative error for the reasons discussed above, although it is the C2 type
374  specimen that lies outside the range of dispersion obtained experimentally, being the only set of tests
375  under these conditions.

376 It should be noted that for general purposes the simulation results comply to a large extent with
377  the experimental results validating the simulation methodology applied.
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379 Figure 16. Comparative results of the experimental study (exp) and the simulation carried out (sim)
380 for the yield stress.
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4.2. Compression tests

4.2.1. Visual Characterization

As it can be seen in the table 4, in general, in the same size of relief the greater the separation of
the reliefs, the film adapts better to the contour of the plastic mould. This is due to the stretching of
the film. Thus, the lack of definition that occurs when the reliefs are located at a shorter distance can
cause the compressive strength of the container to be reduced.

Similarly, the relief size also affects the type of adaptation of the film on the reliefs. Thus, the
larger the relief size, the geometry obtained after thermoforming loses definition. According to [37]
and [38], this is due to the fact that the machine has to exert greater force to adapt the sheet to the
geometry, also producing greater stretching. Thus, in the smaller geometries, A0 and A1, the sheet
adapts to the relief, while in the A2 geometry, with a height of 6 mm, in the intermediate spaces
between reliefs there is less definition.

It is observed that in the lateral walls the thickness of the sheet is reduced considerably being
the part of the sheet where the greatest stretching takes place. Therefore, the smaller the distance
between reliefs, the less defined the relief geometry.

Table 4. Kinds of specimens made according to the number of reliefs and disposition.
M1 M2 M3 M4 M5

A0

Al

A2

4.2.2. Mechanical evaluation

The force in the tests made on the thermoformed specimen without reliefs, O2, presents an
average Fy of 5.13 N, Figure 17 a). The standard deviation presents an interval amplitude range of
1.18. According to the images collected in the test video, this deviation in the results is due to the fact
that the container begins to deform on the walls and folds are produced that could result in different
Fy. Thus, it is observed that when there is a displacement of 0.5 mm the container is deformed but no
folds are observed. At this moment the average force collected is 3.10 N and deviation of 0.43, Figure
17 b).

From the data collected, it can be seen that the 3 geometries, A0, Al and A2, improve the F-¢
properties with respect to the O2 container, although it is true that A2 shows higher values than the
rest. Comparing the results obtained by separation and reliefs, the graph shows that slightly higher
results are obtained when the reliefs are arranged with a separation of 6 mm (M3 and M5) conserving
the same number of reliefs per face: M3 with respect to M2 and M5 with respect to M4. This
phenomenon is in good agreement with the videos studied since the greater the relief, the less the
deformation of the walls will be, being able to be due to the fact that a greater distance between reliefs
favours that the sheet adapts better to the mould during the thermoforming process.

d0i:10.20944/preprints201901.0015.v1
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414 On the other hand, it should be pointed out that although A2 has the highest values of force with
415  respect to A0 and Al, it stands out for reflecting higher deviations, especially in A2-M2 and A2-M3,
416  indicating that the behaviour of these containers is more irregular when tested as a consequence of
417  having a higher relief height.

418 In Figure 17 b), it is observed that the recorded force data, for a 0.5 mm of displacement, have
419  greater homogeneity when compared at the same point and not at the yield point, where each test
420 shows different values. Thus, in this case, the results show a similar trend in terms of behaviour based
421  on geometry, relief and separation.

422 In addition, the dispersion of the data is considerably reduced, which indicates that the tests
423 carried out have a greater homogeneity in the first moments of the test and makes it possible to
424  distinguish with greater clarity the package that presents a better relation of properties. And, it
425  should be noted that for deformities greater than 0.5 mm the packaging could lose its functional
426  properties deteriorating the product contained inside.
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427 Figure 17. a) Compression forces at the moment of stress yield; b) Compression forces when a
428 displacement of 0.5 mm is produced.
429  4.2.3. Case study of validation by FE.
430 Figure 18 shows that the compression curve obtained by simulation for the A1-M1 specimen is

431  within the range of experimentally measured values. When a displacement of 0.5 mm occurs, the
432 obtained force data is also homogeneous with respect to laboratory tests.

433 Thus, the relative error, according to equation 6, is 0.14% with respect to the mean data. It is
434  therefore within the dispersion value collected in the performance of the 4 experimental tests.
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435

436 Figure 18. Comparative graph of the results obtained in the compression test by FE.
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437  4.3. Relationship between tensile and compressive tests

438 Figure 19 shows the area graphs that relate the force data obtained in the tensile tests, Fy-T,
439  where the reliefs have been studied in a unitary way, with respect to the results of the compressive
440  strength in two moments, F0.5-C and Fy-C, according to the number of reliefs included per face.
441  Figure 19 a) relates the results of the Fy-T with respect to the force at the moment when the
442  displacement has reached 0.5 mm. On the other hand, in Figure 19 b) the performance is made with
443 respect to the Force to compression at the creep point, Fy-C.

444 It is observed that the most favourable data of traction and compression, for the force at the
445  moment of 0.5 mm of displacement, are collected with 3 and 5 reliefs per face, Figure 19 a). In the case
446  of the Fy-C, Figure 19 b), the relation of data reflects that the results that obtain an equilibrium of
447  compressive force between 8 and 10 N in addition to good traction results are the containers present
448 5 reliefs per side.

F0,5-C (N) Fy-C(N)
< 6

1 3 5 3

Ne reliefs Ne reliefs
(a) (b)
449 Figure 19. Graph of the Compression Force, F-C, in relation to the number of reliefs per face and the
450 tensile force at the yield point, Fy-T, a) at the moment of displacement of 0.5 mm, F0.5-C, b) at the
451 yield point, Fy-C.
452 5. Conclusions
453 The physical tests carried out show that the higher the relief, the lower the tensile strength

454  compared to smaller sizes. This may be due to the stretching of the sheet on the side walls. However,
455 it provides greater rigidity to the container by favouring compressive strength by introducing relief
456  patterns on the surface of the thermoformed container.

457 From the geometries studied it can be observed that the semi-circular geometry, A, and
458  triangular, C, are the ones that present the best results. And the semi-circular geometry, A, adapts
459  better to the shape of the mould since the shape of the relief has no edges.

460 Through the analysis carried out, it can be deduced that the main structural factors are the
461  relationship between the width of the relief and its height. In addition, the type of geometry
462  performed affects the mechanical properties. Likewise, from the comparison of the physical tests and
463  the simulation it is concluded that the correct positioning and tension of the specimen on the testing
464  machine influences the displacement registered in the laboratory tests.

465 Thus, it can be stated that by means of simulation tests a virtual evaluation method can be
466  established as a basis for the optimization of the design applied to thermoformed packaging. In
467  addition, validation by means of FE tests gives rise to the possibility of testing new reliefs with more
468  complex geometries. Therefore, it is proposed that by means of the individualized study of the
469  behaviour of the reliefs it is possible to obtain the behaviour of the relief in order to compare the
470  mechanical properties.

471 From these studies it is possible to open up a future line of work oriented towards the study of
472  geometric differences on the reliefs usually included in the surfaces of packaging.
473 On the other hand, it was also possible to develop a methodology that has allowed satisfactory

474 results to be obtained after the compression tests carried out.
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475 The results obtained show that the correct design of the reliefs, according to the number of reliefs
476  used and their disposition, can favour the improvement of the mechanical properties of the
477  containers. Specifically, the reliefs with greater distance increase the resistance of the packaging.
478 Along these lines, a field of study was opened on the inclusion of complex relief patterns on
479  thermoformed surfaces. The realization of complex patterns can be possible by means of the
480 application of thermoformed moulds. Also, these moulds could be used to make cut series and thus
481  improve personalization and brand identity. In short, this work presents a tool for designers that
482  facilitates customization, Ecodesign and allows them to optimize their mechanical properties.
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