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Abstract: Composites are becoming materials of the future.
Composite applications have become popular in the air as
airframes in the aerospace industry to the deepest seas in
the form of underwater pipes. A sandwich structure is a
composite with cores with low-density material pinned by
a stiff facing. In this article, the sandwich material used is a
Nomex-Aramid honeycomb as the core and carbon fiber
composite as the facing sandwich structure. The main goal
of this study is to obtain the characteristics of the sandwich
structure, Nomex-Aramid carbon fiber, and study the effect
of core variation on the overall strength of the sandwich
structure. Numerical simulation testing was carried out to
determine the characteristics of the sandwich structure.
The loadings carried out were mainly three-point bending,
tensile, compression, and torsional tests. In addition, this
study also compared the geometry of cores and several
materials to study the effect of core properties on the
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overall strength of the materials. The authors used the
finite element method with ABAQUS. A mesh convergence
study was also conducted in this article. The results of the
numerical simulation showed that the structure sandwich
had a major drawback in the local strength caused by the
size of the cells used. In addition, the geometric shape and
type of the core material also affected the strength of the
sandwich structure.

Keywords: sandwich structure, composite, carbon fiber,
FEM, Nomex-Aramid

1 Introduction

The composite sandwich structure has attracted great
attention recently. The composite structure has unique
mechanical properties, such as a high strength-to-weight
ratio and excellent energy absorption [1]. These mechan-
ical properties make the composite material exceed the
performance of glass [2], steel, and aluminum in many
fields. Composite materials consist of two or more different
materials that form regions large enough to be regarded as
continua and are usually firmly bonded together at the
interface (Figure 1) [3]. Therefore, a sandwich structure is
categorized as a composite material because it consists of
different materials bonded in continuity.

Development in fabrication technology has led to new
techniques for producing polymeric components with com-
plex geometry and at a low cost, including the sandwich
structure [4,5]. Sandwich construction uses a multilayer
skin consisting of one or more high-strength outer layers
(faces) and one or more low-density inner layers (core).
Hoff and Mautner proposed this definition in one of the
first articles devoted to sandwich construction in 1944 [6].
It can be concluded that a sandwich structure consists of
several layers with different material properties. Sandwich
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Figure 1: Configuration of a typical sandwich structure.

structures have been used in various fields [7] ranging
from aeronautics to marine engineering [8]. For example, sand-
wich structures were used in underwater pipes, aircraft wings,
and several UAV applications. Sandwich structures offer an
infinite combination of core and facing materials [9]. By com-
bining a wide variety of facing and core materials, new mate-
rial properties can be found. The sandwich structure also has
disadvantages. Sandwich structures are susceptible to failures
due to large normal local stress concentrations because of the
heterogeneous nature of the core and face sheet assembly [10].

Honeycomb-type cores used in sandwich construction
are among the best performers in this regard and have
been used extensively [11]. Nomex honeycomb is a bionic
core material made of poly(m-phenylene isophthalamide) fiber
paper. Nomex honeycomb has many advantages, including
high strength and rigidity, high corrosion resistance, fire resis-
tance, good environmental resistance, resistance to vibration,
and a resilient material [12]. Because of these reasons, the
Nomex-Aramid honeycomb is used as the core of the sandwich
structure to obtain good mechanical properties. Carbon fiber
has been used as polymer reinforcement and was produced in
large quantities in the 1960s. Composite materials have been
used in various fields, such as aviation, marine engineering,
and automobiles. Carbon fiber is primarily preferred for com-
posite materials due to its excellent properties, such as high
specific strength and stiffness, performance-to-weight ratio,
high thermal stability, high conductivity, self-lubrication, and
corrosion resistance [13].

This study builds upon the author’s earlier research. In
previous studies, benchmarking has been carried out with
three-point bending as a reference and methodological test.
This study focuses more on continuing the analysis using the
finite element method (FEM). The main purpose of this study
is to enhance the knowledge of the characteristics of the
sandwich structure of the Nomex-Aramid—carbon fiber
and to study the effect of core variation on the overall
strength of the sandwich structure. The research gap was
found in this area. Parametric studies in this study were in

the form of three-point bending, tensile test, compression
test, and torsional, and to the best of the authors’ knowledge, no
research has been reported earlier on this topic. Furthermore,
core variation research was conducted to improve our knowl-
edge of the influence of core variation on the overall strength of
the sandwich structure.

2 Milestone study

Several studies were carried out in the field of sandwich
structures, which later became the basis of current research.
Several of the studies are listed in Table 1 [10], and seven
types of failures in the sandwich structures are listed. The
study by Li et al [14] is the basis of numerical simulation
dimensions of torsional tests [15] and became the basis for
the Nomex-Aramid honeycomb material with tensile and
compression loads. Jayaram et al. [16] and Safarabadi et al
[17] explained how different core materials affect the overall
behavior of sandwich material. Farrokhabadi et al. [18]
proved that benchmarking using mechanical testing, which
was later used as the foundation for parametric study, can
be performed. Othman and Barton [19] studied how the
initiation and failure characteristics of honeycomb sand-
wiches determine the characteristics of the sandwich mate-
rial. Feng et al. [20] reviewed the existing article regarding
the sandwich structure. The detailed objectives and results
of the recent studies are presented in Table 1.

This study was conducted to review the existing stu-
dies on the sandwich structure and how to design them.
From several articles collected, there was a research gap
where there has been no study on the sandwich structure
using the FE method, which included loading three-point
bending, tensile test, compression test, and torsional test.
In addition, there are no studies on how the sandwich
structure behaves under that load. The present study com-
pleted a previous study that usually studies one loading;
e.g., Rayjade and Rao [10] only studied bending
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Table 1: Summary of milestone study

References

Results

(0]

4]

(3]

[e]

7

(18]

(9]

This article explained the failures that can occur in sandwich structures. Seven types of failures can occur in sandwich structures. Namely,
skin compression failure, excessive deflection, panel buckling, shear crimping, skin wrinkling, buckling, and local compression. By
understanding the types of failures in the sandwich structure, how faults occur in the specimens can be validated in this study

This article explained finding material properties equivalent to a sandwich structure by conducting torsional tests in the laboratory
as benchmarking. Then, the author used FEM to validate the previously made calculations. This article also references specimen
size for torsional tests

In this article, the author mainly gained an understanding of how honeycomb reacts to shear, tensile, and compression loads.
Seeman and Krause also explained how patterns of damage to honeycomb cores can occur

This article was conducted by adding polyester pins to a foam-filled aluminum honeycomb and comparing it to the material before
being pinned. This provides an idea of how core changes can affect the overall strength of the sandwich structure

This study explained how specimens were made, testing one by one to determine the mechanical properties of materials and then
entering mechanical testing and numerical simulation. Then, benchmarking was carried out. The numerical simulation benchmark
results using viscoelastic do not produce different results from elastic modeling

In this study, the mechanical behavior of multilayer corrugated core laminated composite sandwich panels subjected to quasi-
static three-point bending was investigated experimentally and numerically. This study proved that benchmarking using
mechanical testing and later using it as the foundation for parametric study can be performed

This study explains how failures occur due to quasi-static loading and dynamic loading. This is comparable to the damage experienced
by honeycomb when in the form with and without facing. This plays an essential role in understanding the effect of adding facing on

the stability of the core material. In the end, data on an 8 mm thick sandwich structure quasi-statistic test were presented

[20]

The topics discussed in this review article included aspects of sandwich core structure design, material design, mechanical

properties, and panel performance and damage. In addition, examples of engineering applications of sandwich structures were
discussed. Further research directions and potential applications were summarized

[21]

This article discussed the investigation of sandwich composite failure under three-point bending: Simulation and experimental

validation. The correlation between Hashin failure and material strength was examined

[22]

The originality of this article is the study of the bending behavior of several carbon-fiber-reinforced thermoplastic sandwich

composites under three-point bending tests. This article proved that changing core geometry can have an impact on the overall

material strength despite using the same material

characteristics on the sandwich structures. Li et al. [14]
performed a torsional test on the sandwich structure, and
most variation was studied by Seemann and Krause [15]
with three loads, which were shear, tensile, and compres-
sion loads. However, this study benchmarked until it con-
ducted parametric studies in the form of loading three-point
bending, tensile test, compression test, and torsional. In
addition, core variations, including geometric studies and
core material studies, were performed. Therefore, it pro-
vides a better understanding of how the sandwich structure
behaves, as it is widely known that loading has many types.
This study aims to discuss loading that often occurs.

3 Material preparation and
characterization
3.1 Mechanical testing aims

Laboratory testing was used to determine the maximum
strength of the sandwich structure. From this test, how

much damage occurs to the sandwich structure when given
a flexural load and the stages of the damage process were
identified. These data were then used to validate the calcula-
tion results with numerical simulations, as well as to determine
the actual characteristics of the material used in FEM.

3.2 Specimen preparation

The specimen materials utilized in this investigation were
made from commercially available materials. P.T. Justus
Kimiaraya provided the epoxy resin with hardener, known
as “Epocshon A and B.” The carbon fiber was provided by
Easy Composite Co Ltd., while the core used Nomex®
Aramid honeycomb. Table 2 shows the details of the spe-
cification and its attributes. Figure 2 shows the schematic
dimension of the Nomex® Aramid honeycomb.

3.3 Specimen manufacture

The specimen was prepared throughout the production
process using the hand lay-up technique. During the
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Table 2: Composite specimen manufacturers [23,24]
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Materials Brand

Specification

Woven carbon fiber
Resin Epoxy
Honeycomb core

Torayca supplied by Easy Composite
Epocshon A&B supplied by P.T. Justus Kimiaraya
Nomex® Aramid honeycomb

90 g plain weave 1k carbon fiber cloth
A (resin): bisphenol A-epichlorohydrinB (hardener): polyaminoamide
Nomex Aramid depth: 5 mm

a b t
(mm) (mm) (mm)
6.5 5 0.11

Figure 2: Schematic dimension of the Nomex® Aramid honeycomb for a
5 mm depth.

procedure, each ply was handled exclusively by hand
and stacked layer by layer to the required thickness. This
was accomplished by sequentially stacking layers of 0/90
directional carbon fiber, —45/45 directional carbon fiber,
0/90 directional carbon fiber, and honeycomb core for
the first step of the manufacturing. During the interlayer
preparation process, the resin and hardener mixture was
poured (in a 2:1 solution ratio) and pushed using a roller
to ensure the resin was disseminated evenly and equally.
The curing process was then performed after all the com-
posite materials had been sequentially placed. Vacuum was
used during the curing process to reduce the specimen’s

Honeycomb Core
Layer - 45/ + 45

Layer 0/90

Vacuum Seal

porosity. At room temperature, the curing process was com-
pleted in 10 h.

The preparation of the composite layer for the second
stage continued after the progress was accomplished in the
first stage. All these layers were layered above the honey-
comb, with the addition of a carbon layer arrangement
in the 0/90 direction, followed by the -45/+45 direction,
and finally, the 0/90 direction. Similar to the previous
step, this also included the addition of resin and hardener.
Additionally, a vacuum operation was carried out once the
preparation was completed to lower the porosity of the
specimen. Figures 3-7 show the detailed plan of the com-
posite layers. Specifically, Figure 7 shows that there were
foam/air bubbles frozen on the right side of the specimen,
proving that the vacuum process can lift the air trapped in
the resin.

To comply with the American Society for Testing and
Materials (ASTM) D7264 test guidelines, the specimen was
divided into six parts using a waterjet cutting machine
once the curing procedure was completed. This technique
cuts the specimens with the least amount of precision
feasible while minimizing harm to the specimen. Figure 8
shows the specimen after the waterjet cutting process.

3.4 Mechanical testing setup and results

The three-point bending test was carried out using the
ASTM D7264 standard test method, which is a test standard
for polymer composite matrices. The test procedure requires
that the entire length of the specimen is 20% longer than the
length of the supporting span. To comply with this standard,

Breather Ply

Vacuum Bag

Vacuum Seal

Base Plate

Figure 3: Schematic of the composite layer specimen manufacturing for the first step.
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Figure 4: The vacuum operation during the curing process for the first
stage.

the length of the specimen used was 250 mm, with a support
span of 200 mm. The tests were carried out using the RTF 2410
test machine made by A&D Japan. This machine had an accu-
racy of +0.5% with a sampling rate of 1 ms to improve testing

Honeycomb Core
Layer - 45/ +45

Layer 0/90 \
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Figure 6: The vacuum operation during the curing process for the
second stage.

accuracy. Figure 9 shows the laboratory testing setups. A
loading speed of 1mm‘min~ was used during the testing

Vacuum Bag

Vacuum Seal T —

Breather Ply

Base Plate

Vacuum Seal

Figure 7: Specimen material after the curing process before the cut using a waterjet cutting machine. Foam/air bubbles frozen on the right side of the
specimen are seen (red arrow), proving that the vacuum process can lift the air trapped in the resin.
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Figure 8: Sandwich structure specimen ready for testing.

procedure. The specimen immediately ceases loading if it fails
or breaks. Table 3 displays the test’s results.

Based on the testing results in Table 3, the average
maximum point load was 189.26 N with a maximum point
stress for facing of 238.06 MPa. Then, the average breaking
point was obtained at a 6.8 displacement. Stress was
obtained using Eq. (5), which is obtained from the ASTM
€393 procedure [26].

4 Method and material properties

4.1 Flowchart and research procedures

The methodology in this study began by studying previous
studies on a sandwich structure. Then, we proceeded with
specimen manufacturing using the vacuum molding method.
The next step was mechanical testing, which was carried out
to obtain the maximum flexural strength from the sandwich
structure through three-point bending. The strength obtained
was mainly used to find material properties from the sandwich

Force speed 1mm/minute

O emm | O |

| 200 mm |
250 mm

Figure 9: Laboratory testing setup.
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Table 3: Laboratory testing results
Test no. Width Maximum Maximum Breakpoint
average point load facing displacement
stress
(mm) (N) (MPa) (mm)
1 25.06 200.27 25191 6.8
2 25.39 215.37 270.90 7.9
3 25.03 171.67 215.93 6.9
4 25.03 178.94 225.08 6.1
5 25.06 193.11 242.90 6.7
6 24.8 176.2 221.63 6.2
Average 25.06 189.26 238.06 6.8

structure constituents. The method used for material calibra-
tion was mix and match. The author made a matrix derived
from the material properties of both parts collected from var-
ious articles. Then, one by one, it was tried until the maximum
flexural strength was found to be similar to the mechanical
results. Next, the study continued with parametric studies
using material properties that were obtained. Parametric stu-
dies included four tests (three-point bending, tensile test,
compression test, and torsional test) and two core variations
(geometry and material). The study proceeded with mesh
convergence studies to determine how the mesh’s effect
changes the specimen’s maximum strength. In addition, con-
vergence studies were also conducted to determine the mesh
configuration suitable for use in future studies. Figure 10 is the
methodological scheme used in this study.

4.2 Finite element method

FInite element method started with specimen modeling
with a size that was obtained, both from the producer
datasheet and direct measurement. Figure 11 shows a
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{—| Material configuration I_l
Nomex aramid Carbon fiber
core facing
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Three Point Bending
Laboratory Testin;
{ Material Calibration ) ........ y 8
A\ |
Finding Nomex-aramid Material properties
propetries matrix Stress and strain calculation | Finding testing
7'y procedure
v v
Finding carbon fiber Finding apropriate Crack initiation observation Dimension,
properties. material configuration setup,
configuration

v
Material
calibrated |

FEM Modelling

_J

( Basic Testing )f

Numerical

simulation

v
Mesh convergence
study

_______ 1( Core Variation )

Finding material properties
substituent

v

| Numerical simulation

——

observe test results and contour,
crack and stress vs strain graph

Figure 10: Methodology schematic of the present study.

6.5

Figure 11: Cell size and sandwich thickness.

general-size drawing of the sandwich structure. The core
had a 5mm thickness, a core cell of 6.5 mm long, 5mm

wide, and a wall thickness of 0.11 mm. The facing consisted
of three layers of carbon fiber cloth, with each layer
having a 0.1 mm thickness. Carbon fiber modeling used
composite ply in the lamina feature. The size of the
overall specimen length and width will be presented in
the testing procedure and boundary conditions because
each test has different requirements.

This section also discusses mesh configuration, interac-
tion, and material properties. Honeycomb modeling used
the Fusion 360 framework while facing modeling used the
ABAQUS Framework. A tie constraint was used to model the
bonding of the facing and core parts. This constraint con-
nected nodes from honeycomb as slaves and surfaces from
facing as masters. The constraint tie was used to ensure the
relationship between the facing and core was inseparable so
that the strength of the material could be calculated in per-
fect conditions.
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Figure 12: Mesh difference between facing and core part of sandwich modeling.

4.2.1 Mesh configuration

Mesh configuration is important because it defines the
material behavior. Both core and facing parts used the
S4R meshing type. The author used a shell in this study
to speed up computation and facilitate the modeling of
Hashin damage (HSNCRFT) on the facing, which was a
carbon fiber. The facing part of the sandwich had a mesh
size of 1mm, and the core part was 2.25 mm. This differ-
ence in size is shown in Figure 12. This mesh configuration
was chosen because of fast computing time. Computing
time will significantly increase as the meshing becomes
smaller. Also, for this size, a small margin of error com-
paring smaller mesh sizes was achieved. Results from
smaller meshing were not significantly different from
this meshing configuration.

4.2.2 Material configuration

4.2.2.1 Nomex honeycomb

Nomex-Aramid honeycomb was used as a core filling
because it mainly had a small density, and its honeycomb
shape naturally had good strength. Nomex-Aramid had
material properties as shown in Table 4 (p — density, E -
Young’s modulus, v — Poisson’s ratio, G — shear modulus).
The material properties were referred to as local material
direction (1 =X, 2 =Y, 3 = Z). These material properties were
obtained from the study of Roy et al. [11]. This study investi-
gated the individual strengths of the Nomex-Aramid

Table 4: Material properties of the Nomex-Aramid honeycomb [11]

honeycomb. These material properties had been through
benchmarking with three-point bending mechanical testing
and achieved good margin results.

4.2.2.2 Carbon fiber

Carbon fiber is a material with a high strength-to-weight
ratio [27], which indicates carbon fiber has very high
strength and is very lightweight. This makes carbon fiber
very suitable for use as a facing of sandwich structures.
Material properties are needed for parameters in numer-
ical simulation. The Young’s modulus of the carbon fiber
was obtained from the carbon fiber datasheet provided by
the manufacturer (Torayca, United States). The shear mod-
ulus and Poisson’s ratio were obtained from Ishilir and
Ghassemieh [28]. These material properties are shown in
Table 5 (p — density, E — Young’s modulus, v — Poisson’s
ratio, G — shear modulus). The material properties were
referred to as local material direction (1=X,2 =Y, 3 = 2).
The arrangement of material properties has been through
benchmarking and has achieved good margin results com-
pared to real three-point bending mechanical testing. As
stated before, in real specimens, carbon fiber consists of
three plies arranged in (0/90/+45/-45/0/90) configuration
for overall good mechanical properties [29].

The Hashin damage criterion was used in this study.
The detailed parameters of the Hashin damage criterion
used in this study are presented in Table 6 (S, = tensile
strength, S. = compressive strength, S; = shear strength,
Gy = tensile fracture energy, Gy = compressive fracture

p (g-cm’g) E; (MPa) E; (MPa) E3 (MPa) vy ()

V2 (7) vz (0) G1 (MPa) G (MPa) Gz (MPa)

0.64 5,200 4,400 4,400 0.24

0.24 0.24 1,400 1,400 1,400




DE GRUYTER

Table 5: Material properties of the carbon fiber [27-29]
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p (gem™) E, (MPa) E, (MPa) vi(0)

Gi2 (MPa) G,3 (MPa) G371 (MPa)

1.76 135,000 8,200 0.3

4,500 4,500 3,000

energy). These criteria had been through benchmarking
and had achieved good margin results compared to real
three-point bending mechanical testing.

The damage stabilization of 0.001 was adopted in
this study, which provided good results and faster numer-
ical simulation. Also, the smaller the damage stabilization
number, the time needed for numerical simulation time
increased substantially [30].

4.2.2.3 Lamina configuration

Lamina configuration is a setting that defines fiber compo-
site orientation. Carbon fiber composite consists of three
plies. The first ply is 0/90, the second ply is 45/-45, and the
third ply is 0/90. In ABAQUS framework, modelling all plies
as one direction is needed. Therefore, from original three
plies, it is needed to break down into six plies. Figure 13
shows the configuration of lamina for carbon fiber compo-
site. The direction for lamina setting was 0/90/45/-45/0/90.

4.2.2.4 Hanshin failure criterion

The Hashin damage criterion is based on the work of Hashin
and Rotem [3,31]. Hashin proposed a single equation to pre-
dict the damage initiation of the composite. The present
work used Hashin damage as one of its parameters and
there were four possible failure modes with four corre-
sponding indexes: F} = fiber breakage in tension (Eq. (1)),
F§ = fiber buckling in compression (Eq. (2)), F5, = matrix
cracking in tension (Eq. (3)), and Fy, = matrix crushing in
compression (Eq. (4)). Damage initiation occurs when any of

Table 6: Hashin criterion and damage evolution parameters [30]

Parameter Value
Sy (MPa) 2,47
Stz = Stz (MPa) 62
Sc1 (MPa) 2,597
Se2 = Se3 (MPa) 190
Ss1 = Ss2 = Ss3 (MPa) 81
Gry (N'mm™) 95
Gier (N'mm™") 103
Giz (N'mm™") 0.2
Grea (Nmm™)

the indexes exceeds 1.0 [30]. The following equation shows
the previously stated possible failure:

2 2

a- (o}
Fft: S +ai <l10and gy 2 0, @
St1 Ss12
G 2
ch =21 < 1.0 and o1y < 0, )
Scl
on)  (on)
Frtn === 21 < 1.0 and gy, = 0, &)
St2 Ss12
2 2 z
e | om [ Seo ] (] V)
Fh= Nos o ~ s, s
28523 28c23 Sc2 Ss12 @

<l10and gy <0,

where oy5, 0y, and oy, are applied stresses, and a (0 < a <
1.0) is the coefficient of shear stress (gy;) contribution to
fiber breakage in tension creation. In the ABAQUS frame-
work [32,33], the Hashin damage initiation criterion can be
conjugated with damage evolution, which is based on four
fracture energies (longitudinal/transverse tensile fracture
energy and longitudinal/transverse compressive fracture
energy) [3]. The detailed parameters of this damage evolu-
tion are listed in Table 6.

4.3 Boundary conditions

The boundary conditions of each numerical simulated
mechanical test are based on standard procedures used in

Figure 13: Lamina configuration.
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real-condition mechanical testing. These testing procedures
play a vital role in determining the specimen size, which
then affects how boundary conditions are created in numer-
ical simulation. In addition, this procedure is also a refer-
ence in calculations used in determining the stress of the test
specimen. These are expected to increase the accuracy of
numerical simulation results. There are four numerical
simulated mechanical tests in the present study: three-point
bending, tensile test, compression test, and torsional test.

4.3.1 Three-point bending

Three-point bending boundary conditions are made based
on ASTM D7264. The schematic of boundary conditions
is shown in Figure 14. The load was placed on arrows
marked with the letter P, while the support span was
placed on P/2. The length of the support span was 200 mm,
the overall length of the modeling was 254 mm, and the
overall length of the model must be 20% longer than the
support span [25]. The details of model dimensions are shown
in Figure 15. Based on the test procedure, the boundary con-
ditions of three-point bending simulation were designed and
shown in Figure 16.

Eq. (5) was used to calculate the facing bending stress
of the specimen model and was obtained from ASTM C393.
This equation was chosen to calculate only the facing
bending stress [26]. The overall sandwich stress cannot be
calculated because the sandwich structure thickness in the
present study was not the same along the length.

PL

g= m, (5)

where o is the facing bending stress (MPa); b is the width of
the beam (mm); P is the applied force (N); d is the sandwich

L/2

DE GRUYTER

¥

A

z X

A

Figure 16: Boundary conditions for three-point bending.

thickness (mm); L is the support span (mm); t is the thick-
ness of the facing (mm); and c is the core thickness (mm).

The pin shown in letter A is a fixed support span that
held the model when the bending test was carried out. On
point A, an encase setting was applied where U, = U, = U3 =
UR, = UR, = UR3 = 0 to simulate the static pin on the model.
Meanwhile, point B was given a displacement control set-
ting in the U, direction as long as —15 mm to simulate the
bending loading on the model. For the interaction between
the jig and the specimen, interaction properties were used
with a friction coefficient of 0.2.

4.3.2 Tensile test

Boundary conditions for tensile testing were made in
accordance with the ASTM D3039 procedure. The specimen
size, clamp size, and testing setup were obtained from this
procedure. The overall model length is 254 mm, and the
clamp length is 50 mm [34]. The designed boundary condi-
tions for the tensile simulation is presented in Figure 17.
Meanwhile, the stress calculation (Eq. (6)) was used only to

L/2

T:

P/2

Figure 14: Three-point bending testing setup illustration (in mm) [25].

1 254

SUPPORT SPAN (L)

Figure 15: Model dimensions for three-point bending numerical simulation (in mm) [26].
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Figure 17: Boundary conditions for the tensile test.

calculate the facing stress of the sandwich structure, as
mentioned previously. Eq. (6) was used to calculate the stress
load on the facing part of the sandwich structure. This equa-
tion was obtained from ASTM C 364 and deemed suitable for
sandwich structure application.

Pma.X
- max 6
77 )] ©

where o is the stress (MPa); Py« is the max point load (N);
w is the specimen width (mm); and ¢ is the single-facing
thickness (mm).

Load modeling is detailed in Figure 17. Clamp mod-
eling used the coupling feature on carbon fiber facing.
Letter A, shown in Figure 17, was given displacement con-
trol with U, as long as 10 mm to simulate tensile loading on
the model, and Letter B was given boundary with U, = U, =
Us = UR, = UR; = UR3 = 0 to simulate the static clamp on the
model. F is the direction of the loading.

4.3.3 Compression test

Boundary conditions for compression testing were made in
accordance with ASTM D6041 [35]. The compression test
aims to test the overall edgewise strength of the sandwich
material under compression loading. The detailed boundary
condition setup is shown in Figure 18. The overall model
length was 155 mm and was clamped on both sides, where

155
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Figure 18: Boundary conditions for the compression test.

F is the loading direction. The detailed model dimensions
are shown in Figure 19. The dimensions of the sandwich
material modeling were 155mm long, 25mm wide, and
5.6 mm thick. As stated before, the procedure from real
mechanical testing was used to mimic real testing scenarios
to increase numerical simulation accuracy.

The detailed boundary conditions for the compression
test are shown in Figure 19. The clamp was modeled with
coupling features on carbon fiber facing 65 mm from each
end of the model. Point A was given displacement control
as long as -10 mm in the U, direction to simulate compres-
sion loading on the model. Point B was given a boundary
setting with Uy = U, = U3 = UR, = UR; = UR3 = 0 to simulate
the static clamp on the model. F is the loading direction.

4.3.4 Torsional test

Torsional test boundary conditions are made in accordance
with the study of Li et al. [14]. In this study, mechanical testing
and numerical simulation were carried out. The dimensions
of the model were 270 mm long, 70 mm wide, and 5.6 mm
thick (Figure 20). Clamp modeling used coupling features
that took place on the carbon fiber facing 20 mm from each
end of the model. Point A in Figure 21 was given a displace-
ment control in the UR, direction as large as 4 rad, which was
to simulate torque loading on the model. Point B was given a
boundary setting (U; = U, = U3 = UR; = UR, = URs=0) to
simulate the static clamp that held the specimen.

i‘5.6

25

Figure 19: Model dimensions (in mm) for the compression test [35].
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Figure 20: Specimen dimensions for torsional testing (in mm) [14].
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Figure 21: Boundary conditions for torsional testing.

5 Results and discussion

After finding the procedure and setting up boundary condi-
tions, we will discuss the results of the numerical simulation.

This section will present stress vs strain specimen data in
the three-point bending experiment, tensile test, compres-
sion, and torsional testing. Then, it will also be accompanied
by a mesh convergence study graph to determine the effect
of mesh on the results of numerical simulation. Core varia-
tions study will also be discussed in this section. There are
two studies of variation (geometric and material properties).
Visual results of numerical simulation are also presented in
this section.

5.1 Three-point bending

Three-point bending was done to estimate the flexural
strength and fracture characteristics from flexural loading.
Numerical simulation shows that failure in sandwich con-
struction began from the skin that had direct contact
with the indenter (upper skin). The core and lower
skin remained intact when the whole model reached
its maximum strength.

s,
Multiple section points
(Avg: 75%)
+1.446e+40;
{08e-
+8.433e+02
+6.025¢+0;

Mises
t

Figure 22: Simulation results of the three-point bending.

Upper Skin

Core

Lower
Skin
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Generally, when a model is given a bending load, the
failure starts from the lower part of the model (lower skin).
However, in the case of carbon fiber Nomex-Aramid hon-
eycomb sandwich construction, the damage that occurred
during the bending load started from the upper skin
(Figure 22). This phenomenon was due to the huge differ-
ence in the strength and density between the skin and core.
Because of this difference, the loading from the indenter
cannot be distributed throughout the model, and the stresses

300

250 +

g

150 +

Stress (MPa)

8
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will accumulate on the upper skin, thus failing in the first
place. After the upper skin fails, the core will bear the load
and experience damage, and at a certain point, after the load
has accumulated, the lower skin will eventually fail.

Figure 23 shows the numerical simulation results and
detailed Hashin damage criterion contour. It can be seen
that the specimen had several strength peaks. This phe-
nomenon occurred because the failure of the composite
ply did not occur at the same time, but its failure occurred
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Figure 23: Hashin damage criterion and damage evolution of the specimen in three-point bending’s numerical simulation.
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Figure 24: Correlation between Hashin damage and model facing stresses under bending loading (A: facing failure, and B: core crushing under

bending loading).

separately in accordance with the load in every ply. When
displacement reached 6.3mm (Figure 23, point A), the
global loading occurred where the whole model bore the
load. The composite structure has shown the germ of
failure at this period, although the total breakdown was
not imminent. This instance can be seen in Figure 22: 0° ply
with Ff type (fiber buckling in compression). Next, with a
displacement of 7.5mm (Figure 23, point B). The model
reached ultimate stress with 258 MPa. Also, at this point,
the failure of 45° ply occurred with Fg, (matrix crushing in
compression) type. The transition between global loading to
local loading had occurred. From this point, the distribution of
stress was becoming smaller in size. This phenomenon was

450 T

400

Point Load (N)
w
g

N
w
o

200

the nature of heterogenic material. Finally, at a displacement
of 12.7 mm (Figure 23, point C), the failure occurred at 0° ply
with F{  (fiber breakage in tension) type. The matrix on the
composite is a substance that bonded fiber together as a filler
between those fibers. Thus, under certain loading, those
matrixes always fail first. After the failure of the matrix,
the fiber will endure the loading until its break. Therefore,
the matrix on B always failed first before the fiber on C.
Failure on C is marked by the decrease in the model
strength. Also, at this point, the local loading that the model
experienced was becoming worse. This instance was proved
by facing and core contours that showed more red color in
smaller areas.

Convergence Line
i
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150 . t . t
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15000
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Figure 25: Mesh convergence of the three-point bending’s numerical simulation result.
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The stress shown in Figure 23 is the stress that occurs
on the facing part of the sandwich structure (facing stress).
The facing stress was used to represent the whole model
strength and calculated using Eq. (5). Facing stress was
directly affected by the failure both on the core and facing
(Hashin damage). Figure 24 shows the correlation between
the facing stress and Hashin damage criterion. In the case
of bending loading, the Hashin criterion had a direct cor-
relation with facing stress. Proven failure on facing (fiber
compression and matrix compression failure) had caused
the model to fail, which was marked by steep decreases in
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facing stress. Figure 24 shows the effect of facing failure on
the overall sandwich strength under loading bending.
Mesh convergence studies showed a relationship between
the number of elements and the maximum point load of the
specimen. A mesh convergence study was carried out by chan-
ging the mesh sizing on the facing part (carbon fiber) of the
specimen. The results showed an exponential graph. A drastic
decrease occurred in the range of 680 (mesh size, 3mm)
to 2,873 elements (mesh size, 1.5 mm). After increasing the
number of elements to 6,350 (mesh size, 1 mm) onward, the
chart began to show a downward trend. From Figure 25, it can
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Figure 26: Hashin damage criterion and damage evolution of the specimen in the tensile test’s simulation.
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Figure 27: Correlation between the Hashin damage and model facing stresses under tensile loading (A: matrix failure under tensile loading, B: fiber

breakage under tensile loading, and c: core bears all tensile loading).

be concluded that the mesh convergence of three-point
bending occurred on a 1mm mesh with a number of ele-
ments of 6,350 elements and had a maximum point load
of 205N.

5.2 Tensile loading

Tensile test numerical simulation was done to estimate the
sandwich structure's tensile strength and also to study the

14800
14600
14400

14200

Point Load (N)

14000

13800

13600 t t t

sandwich structure behavior under tensile loading. Under
tensile loading, facing (carbon fiber composite) will be
experiencing a total failure. When this occurs, all of the
tensile force will be borne by the sandwich structure core
(Nomex-Aramid). Numerical simulation results from the
sandwich structure carbon fiber Nomex-Aramid honey-
comb under tensile load are shown in Figure 26 (F{ = fiber
breakage in tension, F., = matrix cracking in tension and
S = stress). This Hashin damage criterion was obtained by
using parameters in ABAQUS in accordance to Egs. (1)-(4),
and the parameters are listed in Table 6. At a displacement
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Figure 28: Mesh convergence study of the tensile test’s simulation.
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Figure 29: Results of the compression test’s simulation.

of 21 mm (Figure 26, point A), the failure in carbon fiber
plies with 90° and 45° occurred, with matrix failure under
tensile loading type failure. At this point, the carbon fiber facing
was still intact. At a displacement of 2.9 mm (Figure 26, point B),
the model had reached an ultimate strength of 970 MPa. At this
point, the failure of the remaining carbon fiber plies occurred.
The failure occurred in 0° and -45° fiber orientation with fiber
failure under tensile load type. In this instance, the facing
(carbon fiber) had completely failed, and all remaining loading
was borne by the core (Nomex Aramid). At a displacement of
42 mm (Figure 26, Point C), the load transition from facing to
the core occurred. This instance was marked by a steep drop in
the tensile strength of the model, but the model did not com-
pletely fail (reaching 0 strength). This phenomenon showed that
the sandwich structure of the carbon fiber Nomex-Aramid hon-
eycomb was resilient.

\ Dlsple)
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The stress shown in Figure 26 is the stress that occurs
on the facing part of the sandwich structure (facing stress).
The facing stress was used to represent the whole model
strength and calculated using Eq. (6). Facing stresses were
directly affected by failure both on the core and facing
(Hashin damage criterion). Figure 27 shows the correlation
between the facing stress and Hashin damage criterion. In
the case of tensile loading, the Hashin criterion had a direct
correlation with facing stress. There were two face sheet
failures that met its criterion: the matrix failure under
tensile loading and fiber breakage under tensile loading.
Matrix failure did not affect the overall strength of the
sandwich structure, but fiber failure did. The failure on
facing (fiber tensile and matrix tensile failure) had caused
the model to fail, which was marked by steep decreases in
the facing stress.
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Figure 30: Hashin damage contour under compression.

The matrix on the composite is the substance that
bonds the fiber together as a filler between those fibers.
Thus, under certain loading, those matrixes always fail
first. After the failure of the matrix, fibers will endure
the loading until its break. Therefore, the matrix failed first
before the fiber did. Figure 27 shows the effect of facing
failure on the overall sandwich strength under loading
bending.

The mesh convergence study was conducted on the
tensile test by changing the mesh size of the facing part
in specimen modeling. The results of the mesh conver-
gence study are shown in Figure 28. The tensile tests
mesh convergence occurred in exponential graphs where
the maximum stress on the number of elements 824 (mesh
size 4 mm) to 3,450 (mesh size 1 mm) still increased signifi-
cantly. Then, the chart began to show a constant trend on
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the number of elements 4,554 (mesh size 0.75) onward. It
can be concluded that in the tensile test, the numerical
simulation mesh convergence occurred on the mesh size
of 0.75 with 4,554 elements. The maximum point load
occurred when the mesh convergence was 14,450 N.

5.3 Compression loading

A compression test was performed to estimate the max-
imum compression strength of the sandwich structure. In
addition, the characteristics of the sandwich against com-
pressive load can also be known. The results of the stress vs
displacement graph and damage evolution for facing and
core parts are shown in Figure 29. It was known from
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Figure 31: Correlation between the Hashin damage and model facing stresses under tensile loading (A: core buckling had occurred, and B: MTCRT

affecting drop on facing stress).
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Figure 32: The deployed model is under compressive loading.

compression numerical simulation results that the max-
imum compressive strength of the model was 266 MPa,
which occurred at 0.125mm displacement. At this point
(Figure 29, point A), failure at the core occurred, causing
the model to buckle. At this point, there was no sign of Hashin
damage initiation meeting its criterion. Model failure had
occurred sideways because there was a limitation from the
carbon fiber facing to move in the longitudinal direction. This
limitation was due to the difference in mechanical properties
between the carbon fiber facing and Nomex-Aramid core
(carbon fiber is way stiffer than Nomex-Aramid). Therefore,
in order to receive compressive load, the model started to
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buckle in the lateral direction (sideways). This movement
was more obvious in the displacement range of 0.6-2.85 mm
(Figure 29, points B and C).

The Hashin damage criterion under a compression
load is shown in Figure 30 (Ff = fiber breakage in tension,
Ff = fiber buckling in compression, F}, = matrix cracking in
tension, and Fg, = matrix crushing in compression). This
Hashin damage criterion was obtained by using para-
meters in ABAQUS in accordance to Eqgs. (1)-(4), and the
parameters are listed in Table 6. Despite having a compres-
sive load, there was a certain area of the composite that
experienced tensile failure. This phenomenon was due to
buckling failure that was experienced by the whole model.
In Ff, 90° orientation, buckling epicenter (Figure 32) was
experiencing matrix compression failure, and the rest of
ply was experiencing matrix cracking in tension failure
(FL). This was due to the compressive load concentrating
at a single point (buckling epicenter). On the contrary to
90° fiber orientation, the 0° fiber orientation was experi-
encing fiber breakage in tension (Ff) failure in buckling
epicenter and the rest of the ply was experiencing fiber
compressive buckling failure (Ff) (Figure 30). This phe-
nomenon underlined the difference between the fiber
orientations under compressive loading. There were sev-
eral plies of the composite that did not experience failure;
for these reasons, the compressive strength of the model
remained high after reaching the ultimate strength.

The stress shown in Figure 29 was the stress that
occurred on the facing part of the sandwich structure
(facing stress). The facing stress was used to represent
the whole model strength and calculated using Eq. (6).
Facing stress was directly affected by failure both on the
core and facing (Hashin damage criterion). Figure 31 shows
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Figure 33: Mesh convergence study of the compression test’s simulation.
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the correlation between the facing stress and Hashin
damage criterion. In the case of compression loading,
the Hashin criterion did not correlate with the failure
of the model. The failure of the model was due to core
buckling. This buckling is clearly shown in Figure 32
(compression). Because of this buckling, the local stress
arose and caused facing to bear excessive loading
on those buckling epicenters, thus failing. Facing failure
still affected the overall strength of the model. As shown
in Figure 31 (point B), the failure on facing with matrix
under tensile loading type caused a drop in facing stress.
Figure 31 shows the effect of the core and facing failure
on the overall sandwich strength under compressive
loading.
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The mesh convergence on compression test modeling
was done by changing the mesh size on the facing part
(carbon fiber lamina) of the sandwich structure. The meshing
size in the study was 5-0.25mm. The Y-axis contains the
maximum load (N). The results of the convergence study
(Figure 33) showed a drastic reduction in the maximum com-
pression load in the number of mesh elements from 507
(mesh size 2mm) to 2,640 (mesh size, 0.625 mm). The chart
shows a constant trend in the number of elements from 3,800
(mesh size, 0.5 mm) onward. From this finding, it can be con-
cluded that the mesh convergence for compression numerical
simulation occurred for a mesh size of 0.5 mm with 3,998 ele-
ments. The maximum compression load was observed when
mesh convergence was 2623.97 N.
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Figure 34: Results of the torsional test’s simulation.
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Figure 35: Hashin failure criterion of the carbon fiber composite under
torsional loading.

5.4 Torsional loading

Torsional tests were performed to estimate the maximum
twisting strength of the sandwich structure. The character-
istics of the sandwich structure, when subjected to twisting
loads, can also be found through this experiment. The tor-
sional numerical simulation results showed that the model
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could withstand torsional load as large as 88.9 N m at
1.34rad, which indicates that the sandwich material had
good torsional properties. In torsional loading, the model
experienced two phases: the global load and the local load.
In the global load phase, the facing part of the sandwich is
still intact. This facing part distributed load on the entire
model (Figure 34, points A and B). After the model reached
the maximum strength (circa 1.34 rad), failure on the
carbon fiber facing occurs (Figure 34, point C). This occur-
rence was observed with a steep decrease in the torsional
strength. This strength decreased due to facing failure after
the facing could no longer distribute the load on the entire
model when the local load had arisen. This local load
destroyed the core part because of its centralized (loca-
lized) force (Figure 34).

Hashin damage failure in the carbon fiber composite
under a torsional load is shown in Figure 35 (Hashin
damage failure at the end of numerical simulation). Basi-
cally, composite failure occurred in all plies of the compo-
site, but the location and type of failure were different. In
one ply, two types of failure can occur that are different
in places. In general, failure in a composite occurred in
the middle section because of excessive compressive load
(Figure 30, Ff, 0, 45) and the side section of the composite
experienced a tensile load (Figure 30, Ff, 90, —45). When the
model reached 1.34 rad (Figure 35), it was estimated that
the material had totally failed. Only the 90° ply held the
torsional load. Because of this instance and core failure,
the torsional load is concentrated in this fault.

The stress shown in Figure 36 shows that the torque
occurred on the whole model of the sandwich structure.
The torque was used to represent the whole model strength
extracted directly from the simulation. The torque was directly
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Figure 36: Correlation between Hashin damage and the facing stress under tensile loading (A: facing failure).
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Figure 37: Mesh convergence study of the torsional test’s simulation.

affected by failure both on the core and facing (Hashin damage
criterion). Figure 36 shows the correlation between the torque
and Hashin damage criterion. In the case of torsional loading,
the Hashin criterion did not correlate with the failure of the
model. The failure on facing came first before the model did.
The failure of the model was mainly because the core was
crushed by two face sheets under a torsional load. Figure 36
shows the effect of core and facing failure on the overall sand-
wich strength under torsional loading.

Mesh convergence on torsional numerical simulation
was done by changing the mesh size on the facing part of
the sandwich structure (carbon fiber), and the core part
remained constant (2.25 mm in size). The variant of mesh
sizing ranged from 6 to 0.5 mm. The y-axis of mesh conver-
gence used the reaction moment at a 0.004 increment time.
This method was used because reaching the failing point
for all of the numerical simulations could take days for just one
numerical simulation. This method was deemed accurate because

6.5

|| 0.1

5

Figure 38: The size difference for core shapes.

the difference in strength at the failing point can be seen even on
the first increment. The results of the convergence study (Figure 37)
showed a drastic reduction in the torsional load in the number of
mesh elements from 552 (mesh size, 6 mm) to 4,725 (mesh size,
2 mm). The chart shows a constant trend in the number of elements
from 18,900 (mesh size, 1.0 mm) onward. From this finding, it can
be concluded that mesh convergence for torsional numerical simu-
lation occurred at a mesh size of 1.0 mm with 18,900 elements. The
number of elements for the torsional load at 0.004 rad was 127.71.

5.5 Geometrical change study

The study was conducted by changing the geometrical
shape of the sandwich core into an octagonal, which was
previously a hexagonal honeycomb. Two numerical simu-
lations were carried out to study the differences between
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Figure 39: Comparison between the hexagonal and octagonal cores in the three-point bending test’s simulation.

Table 7: Comparison between the area and facing stress between two
core geometries

Core shape Area (mm?) Facing stress (MPa)
Hexagonal 254.957 258.052
Octagonal 348.139 346.784

the two, namely the flexural strength from three-point bending.
The mesh configuration (1 mm facing and 2.25mm core) and
material properties had the same configuration between
the geometries. This study was conducted to underline the
geometric effect on the overall strength of the sandwich
material. The difference in the material core is shown in
Figure 38.

A three-point bending comparison was carried out to
determine the effect of differences in the core geometry on
the flexural strength of the sandwich material as a whole.
Figure 39 compares the results of three-point bending tests
from both geometries. The octagonal specimen had a
higher maximum flexural strength (349 MPa) when com-
pared to the hexagonal variant (254 MPa). This phenom-
enon was caused by the difference in the core cell size in
octagonal and hexagonal variants. This difference increased
the strength of the facing and could minimize the local stress
that occurred in the sandwich structure. With minimal local
stress, the fundamental weakness of the heterogeneous
materials can be overcome by decreasing the core cell size
of the sandwich core. This phenomenon was caused by the
difference in the size of the core cell. The core with an
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Figure 40: Comparison of the numerical results: material changes in the three-point bending test.
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octagonal shape had a smaller cell size compared with that
with a hexagonal shape. Thus, the octagonal shape had a larger
area for transferring the load from the upper skin to lower
skin. This difference can be clearly seen in Table 7.

5.6 Material variation study

Material variation studies were conducted to determine
the effect of material changes on the strength of the sand-
wich structure. In this study, conducted by changing the
material properties of the core sandwich, three variants
were compared, namely Nomex-Aramid, which was the
main material, aluminum, and stainless steel. The mesh
size was the same in each material, namely 1 mm for the
facing size and 2.25 mm for the core size. This was done to
emphasize experiments on the effect of the core material
on the overall strength of the sandwich structure. Three-
point bending was used to test the differences between the
three materials. The test results (Figure 40) found that the
sandwich structure with a stainless steel core had the lar-
gest ultimate facing flexural stress of 411.4 MPa, followed
by aluminum with a strength of 321.2 MPa, and finally,
Nomex-Aramid with a strength of 258 MPa.

The replacement of the core material significantly
impacted changes in the facing flexural stress of the sand-
wich structure. This is evidenced in Figure 40. The higher
the strength of the core, the higher the strength of the
facing flexural strength, which also improved the overall
strength of the sandwich structure. The order of stiffness of
the material was Nomex-Aramid (the weakest), aluminum,
and stainless steel (the strongest). The test results were also
similar for stiffness order. The Young’s modulus of the core
sandwich also affected the stiffness of the overall sandwich
structure. The stiffer the core, the stiffer the sandwich
structure. The three materials had a similar graphic shape
with one main peak and several follow-up peaks, which is
the nature of the sandwich structure. The assessment and
characterization introduced in this work can be recom-
mended to be used for other composite materials, for
example, bio-material-based composites from sea sand
[36,37], Cantala [38,39], Salacca Zalacca [40,41], egg shells
[42-44], and hybrid and core materials [45-47].

6 Conclusions

Various numerical simulations were conducted on the
sandwich structures, starting from three-point bending
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benchmarking and conducting tensile, compression, and

torsional tests. The experiment was then continued by

comparing the geometry and material properties of the
sandwich core to determine the effect on the sandwich
structure as a whole. The following conclusions are drawn:

* The heterogeneous sandwich structure has a big draw-
back. After facing failure occurs, the local stress arises,
which can cause the failure of the whole sandwich struc-
ture. This occurs in all forms of loadings. Therefore, the
right material composition is needed to avoid this.

* The sandwich structure is a resilient structure, which is
proved by the fact that the model does not experience a
complete failure when facing (carbon fiber) part fails.
This is due to the sandwich structure being made up of
two materials that bond together and possess two mate-
rial properties that fulfill each other's weaknesses.

* The sandwich structure model under a three-point bending
load yielded a strength of 254 MPa at a displacement of
7.5 mm under a tensile load of 970 MPa at a displacement
of 29 mm under a compressive load of 266 MPa at a dis-
placement of 0.125 mm and under a torsional load of 88.9
Nm at 1.25 rad.

* In three-point bending, the dominant damage on the

composite was fiber buckling under compressive loading

and matrix crushing that occurred in fiber directions of
0° and 45°.

In the tensile numerical simulation, the dominant damage

on the composite was fiber breakage under a tensile

loading that occurred in fiber directions of 0° and —45°
and matrix cracking under a tensile loading that occurred
in fiber directions of 90° and 45°.

* In compression numerical simulation, all of the Hashin
damage criteria occurred in the compression model but
on different plies. The 0° ply experienced fiber breakage
under a tensile loading and fiber buckling under a com-
pressive loading. The 90° ply experienced matrix crushing
under a compressive load and matrix cracking under a
tensile load.

o In the torsional numerical simulation, the dominant

damage that occurred was matrix cracking under a ten-

sile load and matrix crushing under a compressive load
on all plies.

Substituting geometry for the flexural strength had a

significant effect. The tighter the sandwich core cell,

the greater the flexural strength of the sandwich struc-
ture. This was due to minimized local failure of the sand-
wich material.

* Replacement of the material properties of the sandwich
structure affected the maximum strength of the sandwich
structure. The higher the core material strength, the
higher the maximum strength of the sandwich material.
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Based on the present studies, the characteristics of
sandwich materials in the form of the test specimen in
numerical simulation are obtained. This, of course, will
only give an idea of the characteristics of the sandwich
material in general. In future studies, it can be explored
how sandwich structures work in their real form, as it is
known that composite materials have different behaviors
in the form of finished objects/parts. This certainly needs
special attention from material engineers when using sand-
wich structures in the design.
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