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This work attempts to replace the sandwich core's traditional shape and material with a cellular pattern, where
the cells have a regular shape, distribution, and size. The contribution of this paper is to design two structures, one
open-celled and the other closed, and to evaluate the performance of sandwich plates with lattice cell core as it is
used for many industrial applications, particularly in automobile engineering. The new theoretical formulations are
constructed for two structures to find the free vibration characteristics. The results of the new design are compared
with the traditional shape. Derivation of equations to predict mechanical properties based on relative density with
the chosen shapes, specific vibration equation of three-layer sandwich plate, and substitution by equation using
excel sheet. Results are promising, and the effectiveness of cellular pattern theoretical analysis estimation.
Limitations and error rates for the mechanical properties come through the empirical equations, and their ratio to
the relative density values are higher depending on the behavior of the core material. Findings reveal, with open
cell decrease in modulus of elasticity by (PLA: -90.4%) and (TPU: -90.4%), increases natural frequency by (PLA:
44.5%) and (TPU: 46.4%), as for closed-cell decreases in the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%), increases natural frequency by (PLA: 36%) and (TPU: 37.7%). Converting a solid substance or replacing
a foam form with a cellular pattern is one way to better performance and save weight through the selected cell

pattern in absorbing the energy of the vibration wave.
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Introduction

Composite structures are essential in energy
absorption, weight reduction, and structure protection.
Hence such arrangements received attention for their
potential to resolve the instability problem. Various
studies have revealed the mechanical behavior of
sandwich structures using different techniques, such as
using the reinforcement of polymer core materials and
functionally graded materials [1-2]. Abud Ali et al. [3]
presented a review of the behavior of composite
structures. Cellular materials are widely used in nature to
build structures that can withstand heavy loads while
being lightweight [4]. Industrially, some of the most
common engineerings utilize cellulosic materials,
including those in the aviation and automotive sectors and
building and industry packaging; the low density and
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excellent stiffness- and strength-to-weight ratios make
them ideal for various applications [5]. These cells
comprise interconnecting plates or struts that create the
cell's borders and faces. The simplest are honeycomb and
corrugated, 2D arrays of forms that pack to occupy a
planar space, and 3D cellular materials, such as foam,
which are used more often [6].

Foams are solid-gas mixtures after manufacture, a
cellular solid with many sizes and forms results. High
mechanical qualities and low density make foams useful
[7]. Open-cell foams are utilized as sound absorbers,
filtering, and mattresses. Closed-cell foams are stiffer and
used in construction, such as sandwich panels and thermal
insulation [8]. Usually, structures include minor faults that
differ in size and dispersion based on the material and how
it was treated [9]. The structures change depending on cell
parameters such as relative density, size, shape,
geometrical, wall thickness, and distribution between
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struts and faces. Numerous previous studies have revealed
the compressive and tensile strength properties of
polyurethane foam and polyurethane rigid foam [10].
Maiti et al. (2016) used compressive strain coupled with a
time-temperature superposition utilizing a minimum arc
length-based method to forecast the long-term
performance of the two types of foams [11]. Three-
dimensional (3D) printing has recently been highly used
to analyze sandwich structures with various applications
[12]. 3D printing was explored for creating the lattice
cores of these sandwich structures [13]. Lipton and Lipson
(2016) presented a method for causing viscous thread
instability while implicitly extruding material to produce
cellular architectures. Cellular structures manufacture
foams for applications ranging from bioengineering to
robotics and food printing [14].

Ge et al. (2018) designed cellular structures model
that was 3D printed with thermoplastic polyurethane.
Flexibility & energy absorption of 3d printed foam were
evaluated experimentally [15]. The mechanical behavior
of octet-truss microstructures of three distinct octet
structures is examined experimentally and numerically by
Bagheri et al. [16]. Elasticity modulus increases with
increasing strut radius. Results were found to be
consistent. Moreover, Guo et al. (2019) presented a new
technique to study pyramid lattice core sandwich plates.
Theoretical analysis with Hamilton's concept establishes
motion's equation. The design of lattice cells will benefit
from the new technique [17]. The octahedrons, truncated
octahedrons & stellated octahedrons as porous cells are
made by selective laser melting. It's experimental, and
simulations work. The results indicated that the
octahedron configuration has the highest mechanical
performance [18].

Leietal. (2019) created two kinds of multi-layer cores
using AISil0Mg materials, performed numerically and
experimentally. Strut position and constructed angle
change in strut diameter deviation [19]. Wang et al. (2019)
experimental work examine the behavior of sandwich
panels with different types of lattice cores using
galvanized sheet metal and 3d printed lattice cores. Lattice
& graded lattice cores absorb more energy than solids
[20]. In their experimental work, Azmi et al. (2019)
checked the damage amount & position to see how it
affects the natural frequencies of the lattice structure.
Increasing damage reduces the natural frequency, and
natural frequency values rise as it moves away from the
clamped edge [21]. Qi et al. (2020) designed an innovative
hybrid sandwich composite of pyramidal truss core
reinforced by carbon fiber using finite element models.
The study verifies an improvement in the characteristic of
the hybrid joining insert [22]. Bonthu et al. (2020) created
a 3D-P of a syntactic foam cored sandwich (skin-core-skin
printing in sequence at once). This study included
optimizing printing conditions and producing high-quality
sandwich structures without flaws [23].

Monteiro et al. (2021) found out how sandwich
panels' flexural behavior is affected by lattice topology
with numerical and experimental methodologies. Relative
density constant (0.3). Several lattice geometries have a
potential alternative to standard construction [24]. Ma et
al. (2021) reported a review study on sandwich panels'
features and impact behavior based on cores lattice and
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loading conditions as compression. Application and future
development have been forecasted [25]. Wei et al. (2021)
explored the vibration properties of an octahedral lattice
core sandwich, representing theoretical and numerical
study. Outcomes coincide perfectly with an octahedron
core's natural frequencies by adjusting its cell [26]. Guo et
al. (2021) investigated vibration analyses and passive
control of sandwiched beams by 3D printed lattice.
Theoretical results confirmed empirically, literature
findings and simulation showed how 3D printing could
create complex lattice cores [27]. The optimal design of
core characteristics and skins is also discussed for
inhomogeneous [28] and soft polymers [29]. To predict
the stability of isotropic composite plates reinforced by
different types of powder, Chiad et al. (2020) developed a
combined finite element and experimental work [30]. A
three-dimensional FEA model predicts the flexural
behavior of sandwich structures adhesively bonded to a
polymeric foam core consisting of fiber-composite skins
(also termed face sheets) [31].

Moreover, studies have been conducted to analyze
static and dynamic behaviors of composite structures such
as plates and shells [32-34]. Ambreen Kalsoom et al.
(2021) investigated the stiffness and damping
characteristics of the sandwich beam with 3D printed
thermoplastic composite face sheets using higher-order
beam theory based on various parameters such as support
conditions, non-homogeneous magnetic flux, geometrical
properties [35]. Roman Lewandowski et al. (2021)
conducted numerical studies on dynamic characteristics
for composite sandwich beams made from elastic and
viscoelastic layers based on refined zig-zag theory [36].
Al-Waily et al. proposed a dynamic analytical model of
the composite plates reinforced with  hybrids
nanomaterials additives [37]. Studies also focus on static
and dynamic experimental works of specific components
of the sandwich structure [38]. Recently, many
investigations have been proposed to improve the
sandwich panel design methods using isotropic face sheets
and functionally graded cores. Njim et al. (2021)
investigated analytical and numerical investigation of free
vibration behavior for sandwich plates with functionally
graded porous metal cores and homogenous skins based
on classical plate theory [39] and the finite element using
the Rayleigh-Ritz [40].

Among the literature on sandwich panels with
composite faceplate and foam core, most studies focus on
the behavior of core material. However, previous research
investigated low-density cellular structures and their
application as an alternative to solid materials
concentrating on maintaining or improving performance.

The current research includes the experimental and
theoretical study of free vibration analysis of a sandwich
plate with two sides of aluminum metal and foam core.
The study aims to replace the irregular cells foam of the
core with a regular cellular structure, where the cells have
a standard shape, distribution, and size. Two
configurations are employed, one open-cell and the other
closed. The theoretical analysis of the two structures is
carried out to obtain the free vibration characteristics
based on various parameters using mechanical properties
obtained from the experimental work. The findings of this
study are essential in the automobile industry. The
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numerical results presented herein for the cellular core
sandwich plate are not available in the literature and
hence, should be of interest to future research directions.

I. Structural core

For the structural core to differ from the solid, values
of the modulus of elasticity and the poison ratio, need to
be derived as an equation in a different direction. The
geometrical structure of cellular solids is defined by the
cells' form, size, and distribution. 3D cellular solids like
foams have greater complexity than 2D honeycomb
structures. But studying two-dimensional structures helps
us comprehend three-dimensional structures like foams.
The relative density p; of a cellular solid is one of its most
essential properties [41],

Po

Pr 1)

Where, p* and p, are the cellular and outer
(connected solidly) material densities, respectively. The
cell wall thickens with relative density. The outer
material's volume fraction is shown in Fig. 1,
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0.3.

| 4 — %
2
)
v

Fig. 1. One cell of cellular structure.

Closed Cell Design
Closed-cell foams have walls, unlike open-cell foams.
The proposed for the close cell cubic is symmetric in all
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directions, as illustrated in Fig. 2. The way of defining the
relative young's modulus is,

_ Ec
=5

E; ©)

Fig. 2. Closed cell structure.

Where E and E. represents Young's modulus of the
cellular and solid materials of the closed structure,
respectively. The cells are designed to be having same
mechanical properties in the x and y directions, as
illustrated in Fig. 3. The cell of the foam is symmetric, as
shown in Fig. 4, and the characteristics of a rectangular
strut with lengths (t) are,

P Vi _2Vis_ 4 _3Vis
; =1 v 1 8c3 c3 (6)
-1 =1 3
Vis—gAh—g(c—tcosy) (7
So, the final equation would look like this,
p* (c—tcosy)3
E - 1 3 (8)
a,
ETRILARE

g

Fig. 3. Closed-cell in x-y direction to conclude young's
modulus.

N
N
A ]
L2 _

=-— X
Fig. 4. The closed-cell area (eighth cells).

Modeled an isotropic closed-cell foam and provided
an estimated foam Young's modulus linked to the solid
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Young's modulus as a function of the proportion of solid

material in struts ¢ by [8], E

a*

(Pz (1 _ (c—tcosy)3)2 n

B . (12)
c c—tcos
B 0*\2 0" par(1-2v") 1-9) (1_ c3 * )
Ee & 2(P (1 — )2 4 Patl=2v)
Ec - Cl(p (Po) + Cl(l (P) Po + Eo(l—p—*) (9) . . . .
And since the cell is symmetrical in the x and y
o direction then, the equation becomes,
* f
Ge = 20D (10)

_ 3\2
* * * ’ (1 (C tz:SY) )
C; = C{ = 1 and the last term in Eq. (9) can be neglected E; =Eg =Ec=

c (13)
. . (c—tcosy)3
as it almost equals zero, also atmospheric pressure p,; = 1-¢) (1 T )
0.1 Mpa, then the equation goes,
Percentage of the strut from the total material forming
EE 5 (P NP the solid part of the core structure (¢). To obtain the
B P (Po) t0-o Po (11) following equation, the free vibration equation was
o ) derived based on Kirchhoff's theory of a three-layer
By substitution Eq. (8) in Eq. (11), get,

sandwich plate (two faces of plates and a core) [42, 43],

2 2
hs3+hs he hs3+hs he

2Eg 3 2 4Es 3 2
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(5) 2 2 + =

B (ne hg®
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(14)
- L 2pshs+pehy .
The new modified equation, instead of after the back substitution of the equations,
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ZES2 3 2 4Eg 3 2
m 4 1-vg hshfz (1+vg) hshfz
(Z) 2 2 + A
B¢ (h® L[
_ +1_V22< 12 +Ge| —

@mn = 2pohetpihy (15)

Open Cell Design

Most open-cell foams lack walls. Procedures remove
cell membranes physically or chemically. Applying the
same approach for open cells, proposing cell cubic
symmetric in two directions as illustrated in Fig. 5. They
were using the same equation only by adopting
mechanical properties for open-cell. The same way in
defining relative young's modulus as mechanical the same
in x and y directions as illustrated in Fig. 6. As shown in
Fig. 7, the chosen open cell has three areas,

Fig. 5. The open cell structure.
P _ Vo _ 4Wos) _ Vos

o V* 4c2h ~ c2h (16)
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So, the final equation is going to be,

l ) >
RRR& X
o1 t((c2 - (c —%)) + (2= (c— t))) Fig. 6. Open the cell in the x-y direction to conclude
oo = @n (18) young's modulus.
+2 (V22 + (h— 202 - ——)
tany
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—-—C—-—{

Fig. 7. closed-cell (quarter cell).

As a result, [8] calculated the open-cell foam's elastic
constants using the cubic model,

B (p_*)2
Ec 1

Po (19)

Ec, =B =E¢ =

t2

Using the same equations (14) and (15) to compete for the
natural frequency.

I1. Results

For a rectangular sandwich plate, a=b = 30cm.
Using two Faces with a thickness of hg = 1lmm of
aluminum alloy (Al 1100-H12) has E; = 68.9 Gpa,
ps = 2710 kg/m?® & vy = 0.33. The core part with a
thickness of hy = 14mm. The material to be adopted in
the core structure is polylactic acid (PLA) and
Thermoplastic polyurethane (TPU). The tensile test is
carried out to find mechanical properties according to
ASTM. Hence, standard specimens for PLA and TPU
material are used as raw materials in 3D printing machines
to make structural foam, depending on ASTM D638 for
plastic materials [44, 45]. Two types of samples adopted
rigid and non-rigid plastic specimens for the record, as
illustrated in Fig. 8. According to the standards, five
samples of each material, with the dimensions listed in
Table 1.

Table 1.
ASTM D638 for plastic rigid (PLA) and non-rigid
(TPU).
Measurements PLA (mm) TPU (mm)
Lo 165 115
L 33 20
Wo 20 19
\ 12.5 6
R 76 14
Ri - 25
Thickness 3 3
Gauge length 50 25

[

(2= (c—-1)

2c?
+(h — 2t)2
t

(
\
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«_ _ Ef
Ge = 2(1+vf) (20)
As C; = 1 and v* = 0.3, the equation goes,
Ge 3 (P_*)Z (1)
Ec 8 \po
2
. t{(c2=(c—2 +[c2—(c—t)]>
% ~ zih (< ( 2)) (22)
c c t

+t2 (V22 + (h— 202 —

)

And since the cell is symmetrical in the x and y
direction then, the equation becomes,

tany.

C2

t))+ n
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2

(23)

|
)

tany
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a. Rigid specimen
Lo

f —

2 oL 1]
’é L/‘\ . T
b. Non- rigid specimen
Fig. 8. ASTM D638 specimens.
Table 2.
Printing parameters of all specimens.
Printing setting PLA TPU filament
filament
Nozzle dia. 0.40mm 0.50mm
Layer thickness 0.28mm 0.25mm
Infilling density 100% 100%
Infilling pattern lines lines
Printing temp. 200° C 228° C
Bed temp. 60° C 65°C
Printing speed 50mm/sec. 25mm/sec.

As the average results, PLA has a young's modulus
magnitude of 1.175 Gpa and a density of 1360 kg/m?,
while TPU has a young's modulus magnitude of
0.833 Gpa and a density of 1450 kg/m?. Printed specimens
are illustrated in Fig. 9 before and after testing. First,
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choose the cell dimension to build the core for open and
closed cells. The selected cell is cubic in shape with a
length of 14mm. The other dimension to be calculated like
strut thickness, with a critical relative density as p,. > 0.3.
Table 3 shows the selected strut thickness results as well
as the calculated young modulus. In comparison with
PLA, the stiffness of TPU polymer type decreases with
thickness.

Before fracture

TR

4 |
' 4

After fracture
a. PLA material

Before fracture

After fracture
b. TPU elongation 300 % material

Fig. 9. Tensile specimen before and after testing .

As can be seen from the results, the fundamental
natural frequency increases as a function of relative

density. Table 4 compares the natural frequency results
between the traditional shape with open and closed cells
at he 0.014 (m). Based on the results, it is evident that the
new design has a distinct improvement in natural
frequency. According to Table 5, closed-cell designs
adopting varying strut thicknesses produce different
results. According to the table, natural frequency and
Young modulus increase as the proportion of solid
material in struts ¢ decreases, furthermore the PLA
samples showing significantly higher stiffness than TPU
samples.

The natural frequency to elasticity modulus relation is
illustrated in Fig. 10 for open cells and Fig. 11 for closed
cells, while the connection to relative density is presented
in Fig. 12 for available cells and Fig. 13 for closed cells.
Fig. 14 shows the strut thickness effect on the natural
frequency.

I11.Discussion

With the Derivation of equations for extracting and
converting mechanical properties from relative density,
Young's modulus, stiffness modulus, and Poisson ratio.
Relying on the equation for extracting the natural
frequency, we discuss the results as follows,

Figures (10) and (11) show the relationship between
the natural frequency and the modulus of elasticity. The
connection is inverse with the decrease in the modulus of
elasticity, so the natural frequency increases, and this
decrease comes after converting the solid material into

Table 3.
Open cell design results adopting varying strut thickness ranges
Mat t, mm Oy E¢, Gpa Ve G¢, Gpa pi kg/m? w, rad/sec
11 0.163 0.031 0.3 0.012 222.21 6046.38
1.2 0.181 0.038 0.3 0.015 245.68 5933.88
13 0.198 0.046 0.3 0.018 269.59 5825.61
14 0.216 0.055 0.3 0.021 293.91 5721.44
5 15 0.234 0.064 0.3 0.025 318.64 5621.23
a 1.6 0.253 0.075 0.3 0.029 343.73 5524.85
1.7 0.271 0.087 0.3 0.033 369.17 5432.16
1.8 0.290 0.099 0.3 0.038 394.94 5343.01
1.9 0.310 0.113 0.3 0.043 421.02 5257.27
2 0.329 0.127 0.3 0.049 447.38 5174.80
11 0.163 0.022 0.3 0.009 236.91 5973.81
1.2 0.181 0.027 0.3 0.010 261.93 5858.01
13 0.198 0.033 0.3 0.013 287.43 5746.78
14 0.216 0.039 0.3 0.015 313.36 5639.96
2 15 0.234 0.046 0.3 0.018 339.72 5537.38
= 1.6 0.253 0.053 0.3 0.020 366.48 5438.88
1.7 0.271 0.061 0.3 0.024 393.60 5344.27
1.8 0.290 0.070 0.3 0.027 421.08 5253.41
1.9 0.310 0.080 0.3 0.031 448.88 5166.13
2 0.329 0.090 0.3 0.035 476.99 5082.28
Table 4.
Comparison the result of the traditional shape with the open and closed cells at h; 0.014 (m).
Mat. EZ, Gpa ps (kg/m3) Or Ve pc (kg/m®) o (rad/s)
PLA 1.175 1360 1 0.38 1360 5239.38
TPU 0.833 1450 1 0.35 1450 5080.74
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Table 5.
Closed-cell design results adopting varying strut thickness
t El . G} w
Mat mm ? Pr G;;a Ve Gpca kg%n3 rad/sec
1.1 0.22 0.298 0.236 0.3 0.091 404.85 5321.43
1.2 0.24 0.321 0.249 0.3 0.096 437.04 5217.62
1.3 0.26 0.344 0.262 0.3 0.101 468.51 5121.86
1.4 0.28 0.367 0.274 0.3 0.105 499.25 5033.24
5 1.5 0.30 0.389 0.285 0.3 0.110 529.27 4951.00
o 1.6 0.32 0.411 0.296 0.3 0.114 558.59 4874.48
1.7 0.34 0.432 0.305 0.3 0.117 587.21 4803.14
1.8 0.36 0.452 0.315 0.3 0.121 615.14 4736.48
1.9 0.38 0.472 0.324 0.3 0.125 642.39 4674.07
2 0.40 0.492 0.333 0.3 0.128 668.97 4615.55
1.1 0.22 0.298 0.236 0.3 0.091 431.64 5233.64
1.2 0.24 0.321 0.249 0.3 0.096 465.96 5128.41
1.3 0.26 0.344 0.262 0.3 0.101 499.51 5031.51
1.4 0.28 0.367 0.274 0.3 0.105 532.28 4941.98
2 1.5 0.30 0.389 0.285 0.3 0.110 564.30 4859.01
= 1.6 0.32 0.411 0.296 0.3 0.114 595.56 4781.93
1.7 0.34 0.432 0.305 0.3 0.117 626.07 4710.13
1.8 0.36 0.452 0.315 0.3 0.121 655.85 4643.12
1.9 0.38 0.472 0.324 0.3 0.125 684.90 4580.46
2 0.40 0.492 0.333 0.3 0.128 713.24 4521.75
foam that permeates every air cell, as seen in fig. (12) and 8030
(13). The difference between the rigid material (PLA) and —#—0penecdl -FLA
the non-rigid (TPU) is evident as the tough material comes 3850 —#— Open edll - TEU

at a higher frequency.

T
¥ 5630
050 "%
g
= M50
3830 g
T
& 3530 2230
E
2 30 5030 '
g 22 272 322 3 422 472
250 pf* (kg/m3)
Fig. 12. Natural frequency to relative density for open cell.
5050
0.02 0 0.06 (.08 0.10 012
Ef* Gpa 500 —8—Closad Call -FLA
Fig. 10. Natural frequency to elasticity modulus for open —— Closad Call - TEU
cell. -, 3100
H
. =
3300 ——Clossd Call - FLA £ 800 A
—#—Clozed Call - TRU £

- 5100 4700
w
= .
geu 4500 .
g 400 430 il 350 &0 850 LUt

4700 pf? (kez'm3)

\u\'\h Fig. 13. Natural frequency relation relative density for
4500 » closed-cell.
023 025 027 029 031 033
Ef*Gpa
Fig. 11. Natural frequency to elasticity modulus for closed

cell.
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6000 & +DpEﬂCe]l-PL;!|:
. Ny W —8— Open Call - TEU
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Fig. 14. Natural frequency to strut thickness with two cell
types (Open & Closed) and two materials (PLA & TPU).

For open lattice cells, depending on the relative
density as a regulator. When the relative density (0.3) at
(t=1.9mm) compared to solid matter, the percentage
decrease in the modulus of elasticity by (PLA: -90.4%)
and (TPU: -90.4%), increases the natural frequency by
(PLA: 44.5%) and (TPU: 46.4%). One more time, a closed
lattice cell with the same relative density (0.3) at (t =
1.5mm) compared to solid matter. Percentage decrease in
the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%) increases the natural frequency by (PLA: 36%)
and (TPU: 37.7%). Converting a solid material into a
cellular one to reduce weight loses some properties. The
properties can be compensated by adding a nanomaterial
or by filling the cellular part with another material and
turning it into a hybrid structure.

Conclusions

After reviewing the results in tables and charts and
discussing the results as in the previous text, the following
is concluded,

The effect of converting a solid material or replacing
a foam form with a cellular pattern is very effective.

The choice of cell shape and pattern determines their
performance. The regular shape in both directions makes
the material isotropic and homogeneous

Selection between closed and open-cell depends on
the application, and it is preferable to use a closed-cell in
the sandwich because it offers much performance.

The open-cell structure can be converted into a closed
one by filling the attached space with another material,
such as foam, which makes the core a hybrid shape that
offers the performance the engineer aspires to.

Effectiveness of cellular pattern theoretical analysis
estimation and possible use in various applications

The results of this investigation can be used in various
engineering applications such as retractable car roofs, the
floor of electric cars to isolate the cabin from the battery
placed under the vehicle, and electric motor covers for
electric cars.

Nomenclature

Symbols Definition
a Plate length in x-direct (m)
b Plate width in y-direct (m)
c Half of the cell length or width (m)
E, face layer young's modulus (Pa)
Ef core layer young's modulus (Pa)
E; cellular core material young's modulus (Pa)
Ec solid material young's modulus (Pa)
Gy core layer rigidity modulus (Pa)
G cellular core layer rigidity modulus (Pa)
hy Upper face layer height (m)
hs lower face layer height (m)
D Inner volume fraction
Do Outer volume fraction
t The thickness of the cell frame (m)
v* cellular material Volume (m3)
outer (connected solid) material Volume
Vo 3
(m?)
V; inner (air) Volume (m?)
Vi Inner air volume (m3)
Vs Outer frame volume (m3)
Wmn Natural frequency (rad/s.)
Vs face layer Poisson's ratio
vy cellular Poisson's ratio
Pr Relative density
p* cellular material density (kg/m3)
Py face layer density (kg/m3)
Ds core layer density (kg/m3)
outer (connected solid) material density
P (kg/m3)
@ the proportion of solid material in struts
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AHaJi3 BiOpauii 6araTtomaposoi IVIACTHHH i3 BiIKPUTOIO
Ta 3AKPUTOI0 KOMIPpKaM#

Kagpeopa mexaniunoi inocenepii, inocenepnuti paxyromem, ynieepcumem Kygu, Ipax
2Minicmepcmeo npomuciosocmi ma minepanie, Jlepocagna komnanisa supobnuymea 2ymu ma wun, Ipax
8Vuisepcumem Anv-@apaxioi, konedac mexniuHoi inxcenepii, Ipax

VY poboti 3xificHeHO cripoOy 3aMiHUTU TpaaWLiiHy (OpPMY Ta MaTepiall CEpIEBHHH CEHJBIYAa CTUIBHUKOBOIO
(dopMoI0, y SIKif KIITHHU MalOTh NPaBUIBHI GopMy, pO3IOALT Ta po3mip. Ixes miei crarTi monsrae B po3poOii ABOX
CTPYKTYp, OZIHA i3 SKUX 3 BIJKPUTOIO KOMIPKOIO, a iHIIA i3 3aKPHUTOI0, a TAaKOX B OLIHII €(EeKTUBHOCTI CEHJBIY-
IUTACTHHY 13 TPATKOBOIO KOMIPKOIO CEPIIEBHHH, IO BHKOPHCTOBYETHCS ISl 0AaraThOX NPOMHCIOBHX 3aCTOCYBaHB,
30KkpeMa B aBTOMOOineOynyBanHi. HoBi Teopernuni ¢opMmymoBaHHS MOOYyHOBaHI Ui JBOX CTPYKTYp IS
3HAXO/KCHHS XapaKTEPUCTHK BUILHUX KONMMBaHb. Pe3ynpTaTu Takoi Moeli MOpiBHIOIOTHCS 13 TPAAULIIIHOIO (OPMOIO.
BuBeneHi piBHSHHS IS IPOTHO3YBAaHHS MEXAHIYHMX BJIACTHBOCTEH Ha OCHOBI BIJHOCHOI T'yCTMHH 3 BHOpaHUMH
(dopmamu, crienudiuHe piBHAHHS BiOpallii TPUIIAPOBOI CEHABIU-TIMTH Ta PO3B’A3aHO 32 A0MOMOroro tabmuip Excel.
Bararoo0imsrounmu € 1 pe3ynbTaty, i OliHKa e()eKTHBHOCTI TEOPETHYHOT0 aHai3y KIITHHHOI CTPYKTYpu. OOMEKeHHS
Ta 4acToTa MOXHMOOK JUI1 MEXaHIYHHUX BJIACTHBOCTEH BUIUIMBAIOTH 3 €MIIIPUYHHUX PIBHSHB, 1 iX CHIBBIZHOLICHHS /O
3Ha4YeHb BITHOCHOI I'yCTHHH € BUIIUM 3AJIKHO BiJ MOBEIIHKH MaTepiany cepleBUHH. BUCHOBKU BKa3yloTh, IO MPH
BIJIKDUTHUX KOMIpKaX CIIOCTEpIiraeThes 3HIKEHHS Monyist mpyxknocti Ha (PLA: -90,4%) i (TPU: -90,4%) ta
30iabIIeHHs BinacHol yactotu Ha (PLA: 44,5%) i (TPU: 46,4%), Tozi K 1)1 3aKPUTUX KOMiPOK MOAYJIb MPY>KHOCTI
3MeHuryeTbest Ha (PLA: -66,9%) 1 (TPU: -64,4%), a takox 30ijblyeThest BaacHa yactoty Ha (PLA: 36%) i (TPU:
37,7%). IlepeTBOpeHHsT TBEp0i PEYOBHHM ab0 3aMiHa MIHOMIACTOBOI ()OPMHU CTITHLHHKOBOIO (POPMOIO € OJHUM i3
CrOCOo0iB TMOKPAIIMTH NPOXYKTUBHICTH 1 3a0IMIQAWTH Bary 3aBIsKH BUOpaHill CTIMBHUKOBIM KOHGIrypamii mpu
TIOTJIMHAHHI eHeprii BiOpariiHoi XBHII.

KorouoBi cioBa: ceHBIU-IIINTA, BUTBHI KOJIMBaHHS, KOHCTPYKIIiSl KOMIPKH, pO3MipHA CEKIlisl, 3AKPUTI Ta BIAKPHTI
KOMIpKH, BiTHOCHA IIUIBHICTb.
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