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Abstract: Corrugated boards are used for packaging because of their high strength-to-weight ratio,
recyclability, and biodegradability. They have an orthotropic sandwich structure with unique characteristics
for each direction owing to their flute shape. In this study, the bending behavior was qualitatively analyzed for
various variables through an FE-based simulation, and the possibility of an alternative test method for the four-
point bending test on a corrugated board was examined through a similarity analysis with the experimental
results. The cross-machine direction (CD) bending stiffness through finite element analysis (FEA) simulation
was closely related to the thickness of the corrugated board. In AB-flute-double-wall (AB/F-DW), the difference
in CD bending stiffness based on the bending direction was approximately 17.2% in the FEA simulation and
approximately 10.5% in the experiment. However, the differences in the bending behavior (bending force vs.
deflection plot) and bending stiffness based on the phase shift between the two flutes constituting BB-flute-
double-wall (BB/F-DW) were insignificant. Overall, the CD bending behavior of the corrugated board was
simulated relatively well through FEA simulation. However, it was impossible to simulate the machine-
direction (MD) bending behavior through FE-based simulation because of a decrease in convergence and a
large error caused by the variability of the contact condition of the modeled test specimen with a non-uniform
MD cross-section.

Keywords: corrugated package; corrugated board; finite element analysis; bending stiffness; four-
point bending test

1. Introduction

Corrugated boards are widely used in packaging. The main advantages of corrugated boards
are their lightness, recyclability, and low cost [1-3], which make them the best choice for producing
containers for the shipment of goods.

FE-based simulation has been increasingly used in the last decades as the main structural
analysis tool in many different industrial sectors. In combination with other numerical techniques
and tools such as computational fluid dynamics (CFD), it has been used as the main basis for more
recent concepts of virtual prototypes that replace manufacturing and testing of physical components.
FEA technology has also been applied to various design problems in the packaging industry,
contributing not only to time, test cost, and sample preparation but also to detailed analysis by
adjusting various variables.

Most FEA studies have focused on analyzing the mechanisms of buckling, failure, stability, and
adherence strength of corrugated boards [1,2,7,10,11] and investigating the flat crush and bending
behaviors by flute types [4,5]. Gilchrist et al. [1] studied the possibility of replacing corrugated board
bending tests through FEA, considering paper nonlinearity, and pointed out the adhesion conditions
between the corrugating medium and linerboard as one of the causes of errors between the FEA and
experimental results. Park et al. [4] analyzed the stress vs. strain curve and the process of changing
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the flute shape as flat crush behavior for corrugated boards by flute type through FE-based
simulation. They reported that if the material properties of corrugated board components and the FE
modeling method for corrugated boards are improved, the flat crush behavior of corrugated boards
can be predicted through FE-based simulation techniques. Some FEA studies [8,12,13] have replaced
conventional semi-empirical equations by optimizing combinations of corrugated boards to analyze
the performance and strength of their boxes and develop FEA simulations. In addition, some
researchers [3,8] conducted FEA on various specimens of standards for the edgewise compression
strength (ECS) of corrugated boards worldwide and compared and analyzed their results according
to specimen shapes. Jiménez and Liarte [8] conducted FEA for edgewise compression test (ECT)
specimens based on the recommendations of the FEFCO No. 8 testing standard [14]. They found that
the difference in the ECT values based on the frictional contact conditions between the modeled test
specimen and the rigid surface of the testing machine was less than 3% for A-flute (A/F) and C-flute
(C/F) and approximately 15% for B-flute (B/F). Park et al. [3] analyzed the edgewise compression
behaviors of single-wall (SW) (A/F and B/F) and double-wall (DW) (AB/F and BB/F) corrugated
boards that are commonly used in South Korea [15] using three standardized methods (KS M 7063-1
method A [16], TAPPI T 838 [17], and FEFCO No.8 [15]), FEA simulations, and experimental methods.
They reported that the ECS obtained through FEA and experimentally differed because of the contact
condition between the liner and flute in the FE modeling of the corrugated boards. Moreover, the
differences between the standards in the experiment and FEA were qualitatively consistent. Some
studies have applied FEA to the design of ventilated corrugated board packages for the postharvest
handling of horticultural products [4,18,19]. Han and Park [4] reported that the appropriate pattern
and location of the ventilation holes were vertically oblong-shaped and symmetrically positioned
within a certain distance to the right and left from the center of the front and rear faces of the
packages, and the rate of decrease in compressive strength was the minimum among the types of
ventilation holes of the same area when the length of the major axis of the ventilation hole was less
than 1/4 of the depth of the box, and the ratio of the minor axis to the major axis was 1/3.5~1/2.5,
provided that even-numbered holes were located symmetrically. The findings of Han and Park [4]
serve as the basis for the Korean Industrial Standards KS T 1020 [20].

In this study, we investigated the possibility of alternative testing methods for four-point
bending tests (FPBT) through FE-based simulation in two types of DW corrugated board (AB/F and
BB/F) and two types of SW corrugated board (A/F and B/F). The research objectives are as follows.
(1) AnFE-based simulation of the bending behavior, which is an out-of-plane characteristic of flute-

type corrugated boards, was used to qualitatively analyze the effect of each structural factor

constituting a corrugated board on the bending behavior (bending force vs. deflection).

(2) By comparing the FE-based simulation results and test results for the bending behavior of the
corrugated board, to analyze whether FE-based simulation techniques are possible as an
alternative test method for FPBT in corrugated boards.

2. Experiment Design

2.1. Four-Point Bending Test

The target corrugated board applied to the experiment of this study is two types of SW (A/F,
B/F) and two types of DW (AB/F, BB/F); the board combination and detailed specifications of the
samples are presented in Table 2.1.

Table 2.1. Measured specifications of the target corrugated boards used in the study.

Flute?
Board . Total Components
Kinds combination 'ave  Heig  Take- p;qppess (liner, corrugating
1 length ht up (mm) medium)

(mm)  (mm) factor
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9.00 4.90 .
SK180/K180/ 1.560 -Thickness (mm):
AfF SK180 (8.33~9.3 (4.5~4 16) 5.34 022(SK180),
S 8 8) 0.24(K180)
W 6.00 2.65 -Ring crush (kgf):
SK180/K180 1.424 g gf):
B/F /K180/ (5.27~62 (2.5~2 3.09 21.7(SK180)
SK180 (1.4) z
5) 8) 20.2(K180)
AB SK180/K180/ -Tensile strength
j K180/K180/ - - - 8.23 (MPa):
D SK180 66.33(MD)/22.76(CD)
w BB/ SK180/K180/ (SK180),
e K180/K180/ - 3 i 508 52.97(MD)/18.18(CD)
SK180 (K180)

Notes: 1) K180: 100% KOCC; KOCC = old Korean corrugated container SK180: 20% outer liner containing UKP
+80% KOCC; UKP = unbleached Kraft pulp. 2) () KS T 1034 [21].

According to TAPPI T 820 [22], the dimensions of the bending test specimen of the target
corrugated board were 500 x 50 mm (length x width) in both MD and CD. The manufactured
specimens were conditioned for at least 48 h in a standard state (23+2°C, rh 50+2%) before the test,
and the test was conducted in a laboratory where temperature and relative humidity were relatively
well maintained [23].

For the bending tests, the FPBT method was applied according to the TAPPI T 820 [22]. As shown
in Figure 2.1, the distances between the loading anvils and the supporting anvils were 400 mm and
200 mm, respectively. This reduced the test errors because only the pure bending force could be
applied to the test specimen between the supporting anvils without the action of shear force [5,24-
26].

ding anvil Specimen
D6.36mm

F upporting anvil
. D6.36mm

Figure 2.1. Experimental setup for measuring the bending force vs. deflection plot using the FPBT of
corrugated boards.

The loading rate was set to 25.4 mm/min, which was sufficiently fast to suppress creep in the
specimen during the bending test. The bending stiffness through FPBT was calculated using Equation

).
S =5 =55 =16 5) (5) () N'm @)

where Svis the bending stiffness per unit width (N -m), E is the Young's modulus (Pa), I is the moment
of inertia of the beam (m*), F is the maximum bending force within proportional limit (N), 0 is the
maximum deflection of central span within proportional limit (m), w is the width of test specimen (50
mm), L is the bending length between supporting points (200 mm), and 7 is the distance between the
supporting and loading points (100 mm).



https://doi.org/10.20944/preprints202408.1902.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2024 doi:10.20944/preprints202408.1902.v1

Based on the calculation of the deflections of the central and loading points of the specimen
using the governing differential equation of an elastic line for the neutral axis of the specimen in four-
point bending, the deflection of the central point of the specimen corresponded to 1/3 of the cross-
head movement of the UTM, such as the deflection of the loading point [26].

2.2. FE Modeling and Procedures

The FE model was developed based on the physical specifications (Table 2.1) of the corrugated
boards used in the FPBT. The geometrical shape of the flute was modeled as a cosine function, and
for simplification, the connection point between the liner and flute of the corrugated board was
modeled using a sharing method for the points (nodes).

The length of the FE-modeled test specimen was 500 mm in both MD and CD; however, the
width in the FE-modeled test specimen for CD was 9 mm for A/F-SW, 6 mm for B/F-SW, 18 mm for
AB/F-DW, and 6 mm for B/F-DW, based on the least integer multiple or least common multiple of
A/F and B/F wavelengths for the computational time and convergence, taking into account the
continuity of the flute shape, that is, geometric symmetry. However, in the FE-modeled test specimen
for MD, all the widths were 9 mm. A shell element with a two-dimensional shape and designating
the thickness information as one input value was used for FE modeling.

The FE model for the loading and supporting anvils that applied and supported the bending
force from the top and bottom of the FE-modeled test specimen was a cylinder of ©6.36 mm (Figure
2.1).

Figure 2.2 shows the FE model mesh and geometry according to the flute type of the corrugated
boards. In particular, in the case of BB/F-DW, which is increasingly used in Korea, a three-phase angle
was modeled (Figure 2.3) to investigate the influence of the phase shift between flutings. A
hexahedral mesh was used owing to its corrugated board shape. For example, the computational
domains of A/F, B/F, AB/F, and BB/F for CD were discretized into 10,054 nodes and 9,064 mesh
elements, 8,864 nodes and 8,225 mesh elements, 43,371 nodes and 43,642 mesh elements, and 16,817

nodes and 16,540 mesh elements, respectively.
ZQI}..«MD)

(a) A/E-SW (L CD, ® MD)

y
z((swx(MD)

(c) AB/F-DW (O CD, ® MD (d) BB/E-DW (© CD, ® MD)

Figure 2.2. Meshed 3D models for FEA simulation.


https://doi.org/10.20944/preprints202408.1902.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2024 doi:10.20944/preprints202408.1902.v1

—s|  k—05.  —] k—0.25] 0
; ' : !

Z o y ‘ Vi /: :

S\ 2 =0 3 1 i b

4y O : 7o i\ i :

N 1
A L) (a) a=180° (b) 0=90° (¢) a=0°

\

Figure 2.3. BB/F-DW of different phase angles (a) applied to the FEA: A = wave length of B/F (6
mm).

The post-processor used in this study was Ansys Workbench [27]. Nonlinear/large displacement
conditions were applied in the FEA owing to the material properties of the corrugated board.

Frictional contact conditions were applied to the parts where contact between the flute and liner
was expected when the FE-modeled test specimen was bent. However, a friction-free contact
condition was applied between the FE-modeled supporting anvils and FE-modeled test specimen.
The boundary and constraint conditions applied to the FE model in FEA were similar to those in the
FPBT. Thus, both rotational and translational movements were constrained for the x-, y-, and z-axes
in the FE-modeled supporting anvils, and only translational movement in the vertical direction was
allowed for the FE-modeled loading anvils. In addition, the displacement in the width direction of
all the liners and flutes of the FE-modeled test specimen was constrained (Figure 2.4).

A R R A R R N R A A A PPN T T TV AV aVati¥ i 0

(a) CD bending (b) MD bending.

Figure 2.4. Load and boundary conditions in FEA for the FE-modeled test specimen.

To apply a bending force to the modeled test specimen, the FE-modeled loading anvils were
displaced downward at a speed of 25.4 mm/min [22]. Consequently, the specimen deflection caused
by the moving loading anvils of the four-point bending tester used in the experiment was simulated.
The reaction force transmitted to the FE-modelled supporting anvils via the FE model test specimen
was analyzed to obtain bending force vs. deflection plots.

2.3. Material Properties

The required material properties for FEA were the Young’'s modulus, Poisson’s ratio, shear
modulus, yield strength, and frictional coefficient of the corrugated board components. These
components, such as liners and corrugating media, were assumed to be orthotropic materials,
implying that their material properties were symmetrical for the MD, CD, and thickness directions
[28,29]. Therefore, each board had nine elastic material properties: Ex, Ey, Ez, Gxy, Gxz, Gyz, Pxy, Hxz, and
Uyz and two strength values: ox(MD) and oy(CD) [3-5,28]. The values of these properties in the FEA
were set based on those reported by Park et al. [3,4] and are listed in Table 2.2.

Table 2.2. Orthotropic material properties of corrugated board components used in the FEA [3,4].

, Poisson’s Shear modulus  Yield strength
Board Young’s modulus (GPa) ratio (GPa) (MPa)
s ExMD Ey(CD  E (Thi ox(MD
() Y() & ) Uxy  Hxz  Hyz ny Gxz Gyz ( ) Uy(CD)
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220(0.  0.37(0. 03 00 00 034 004 001 2909 12.12(+
K1 011
80 o 0 4 1 1 9 0 0 08 0.1)
316(0.  040(0. 03 00 00 043 005 001 4250 1950
K1 01
SKISO o) onp Y 4 4 1 5 7 1 o0y 0.5)

Note: () standard deviation.

As the modeled test specimen was bent, the contact area between the flute and liner on the left
and right portions of the shared nodes gradually increased. Accordingly, frictional contact conditions
at the section where contact was expected were implemented to accurately analyze the bending
behavior of the corrugated board. In this study, the static-frictional coefficients listed in Table 2.3
were set based on those reported by Park et al. [3,4].

Table 2.3. Frictional coefficients between boards used in the FEA [3].

Static-frictional coefficient

Classify
MD-MD CD-CD MD-CD
K180-K180 0.23(x0.02) 0.29(x0.01) 0.26(x0.02)
SK180-SK180 0.37(x0.06) 0.41(=0.03) 0.39(x0.03)
K180-SK180 0.23(x0.04) 0.35(x0.02) 0.32(x0.04)
Average 0.28 0.35 0.32

Note: () standard deviation.
3. Results and Discussion

3.1. FE Simulation for Four-Point Bending Behavior

The relationship between bending force and deflection was analyzed as the bending behavior of
the modeled test specimen of the corrugated boards by bending at a loading rate of 25.4 mm/min
with boundaries and constraints similar to those of the FPBT [22,23]. As an example of the FEA
simulation results, Figures 3.1 and 3.2 show the stress and displacement distributions at the peak of
the bending force versus the deflection plot for CD bending, respectively.

060 20000 mm)

5000 15000 5000 15000

(c) AB/F (d) BB/F

Figure 3.1. Stress distribution at the peak of the bending force versus deflection plot for CD bending
of the corrugated board.
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Figure 3.2. Displacement distribution at the peak of the bending force versus deflection plot for CD
bending of the corrugated board.

In the FEA simulation of the target corrugated boards, the width of the test specimen modeled
by the flute type was different; however, in analyzing the results, the value obtained by converting
each FEA result to a width of 50 mm was used. As shown in Figure 3.3(a), the plot between bending
force and deflection for CD bending exhibited a clear difference based on flute type; thus, it was
possible to obtain information such as the slope and peak value through the plot. However, the plot
between bending force and deflection for MD bending shown in Figure 3.3(b) is unreliable because
of the pre-failure of the modeled test specimen after a certain deflection. This is because the contact
conditions between the modeled test specimen and the modeled loading and supporting anvils
varied depending on the flute type.

35 T T T T T T T
| —A/F —B/F —ABF —BB/F |
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z
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(a) CD bending (b) MD bending.
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Figure 3.3. Plot between bending force and deflection through FEA simulation of the corrugated
boards.

Based on the result of the FEA simulation of the CD bending of the corrugated boards, the slope
of the bending force versus deflection plot was in the order of AB/F-DW, BB/F-DW, A/F-SW, and B/F-
SW; however, the difference between A/F-SW and BB/F-DW was small. This result can also be well
understood from the comparison of bending stiffness calculated using Equation (1) based on the top
value (F/d) of each plot [5,24,26,30]. As shown in Table 3.1, AB/F-DW was the highest at 16.36,
followed by BB/F-DW at 591, A/F-SW at 5.27, and B/F-SW at 1.42. These results were found to be
closely related to the order of the corrugated board size shown in Table 2.1. The difference in bending
stiffness between A/F-SW and BB/F-DW, which had little difference in thickness, was also small. In
this study, it was impossible to analyze the effect of the difference in the strength quality of the
components on the bending stiffness because the liner and corrugating medium, which were
components of the corrugated boards used in this study, were the same in all samples. However,
Park et al. [5] reported that in a study on the bending balance of corrugated boards through FEA
simulations, the bending stiffness of the corrugated board had a greater influence on the liner than
on the corrugating medium, and in the case of DW, the outer and inner liners had a larger effect on
the bending stiffness than the middle liner.

Figure 3.4 shows the plot between bending force and deflection obtained through the FEA
simulation according to the direction of CD bending in AB/F-DW. When the bending was B/F—~A/F,
the slope of the plot (outer-liner was tensioned, and inner-liner was compressed) was larger than that
of the opposite A/F—B/F. In the bending stiffness calculated based on the top value, the bending
stiffness of the former case was approximately 17.2% larger than that of the latter. This is a condition
in which the side panels of the regular slotted container (RSC)-type corrugated package of AB/F-DW
are mainly bent out of the package under vertical compression. This phenomenon can also be
observed in the FEA results of the ECT FE model for the AB/F-DW corrugated board previously
reported by Park et al. [3], although the load type was different from that in this study. In other words,
when the CD FE model with a slenderness ratio above a certain level in AB/F-DW receives edgewise
compression, a larger compressive stress acts on the inner liner in contact with the A/F. Consequently,
the modeled test specimen bulges in the B/F direction, the inner liner is placed in the compression
state, and the outer liner is placed in the tension state, eventually reaching failure.

40
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Figure 3.4. Plot between bending force and deflection based on the FEA simulation of the CD bending
of the AB/F-DW corrugated board.

Figure 3.5 shows the FEA simulation results according to the contact condition between the two
flutes in the BB/F-DW corrugated board, that is, the phase difference between the bottom of the upper
flute and top of the lower flute. Consequently, the difference in bending behavior based on the contact
condition of the two flutes was found to be insignificant. Although the load form was different from
that in this study, Armentani et al. [6] published similar FEA results. In other words, in the case of
CC/F-DW corrugated board with the same flutes, the critical buckling load for the ECT condition for
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CD was less than approximately 3% depending on the phase shift of the two flutes (the largest when
¢ =0 and the smallest when @=m); however, the critical buckling load of CB/F-DW corrugated board
with different flutes was approximately 27.3% smaller than that of CC/F-DW (phase shift, ¢ =0).

251
Wil
z Pl WWM
% P ,q'rw ! ‘Il.'n\h}i
< S '
E 10 ,
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5 [ / —BB/F (phase angle, 180°)
Mo r —BB/F (phase angle, 90°)
: / ,‘BB/F (phase angle, 0°)
PR 740 FUUEN U U U U U PO U PO

0 3 6 9 12 15 18 21 24 27 30
Deflection (mm)

Figure 3.5. Plot between bending force and deflection based on the FEA simulation of the CD bending
of the BB/F-DW corrugated board.

3.2. Comparison with the Experimental Study

The plot between bending force and deflection based on the FPBT of the corrugated boards is
shown in Figure 3.6, along with the FEA simulation results. The slope of the curve obtained from the
experiment and FEA simulation exhibited similar trend for CD bending. However, as mentioned
earlier, for MD bending, the FEA simulation was impossible because a large error was observed
depending on the contact condition between the modeled test specimen and the modeled loading
and supporting anvils. In the individual repetition tests, there was little difference between the slope
and peak value of the curve for CD bending; however, a large error was observed for MD bending.

The calculated bending stiffness based on the peak value of the plot was in the order of AB/F-
DW, BB/F-DW, A/F, and B/F in both CD and MD bending. Based on AB/F of CD bending, A/F
corresponded to 32%, B/F-SW 9%, and BB/F-DW 49%, whereas in MD bending, A/F-SW
corresponded to 35%, B/F-SW 14%, and BB/F-DW 55%. In addition, the bending stiffness of MD
bending was approximately 2.2 to 3.4 times larger than that of CD bending, and the difference was
the largest in B/F-SW and the smallest in AB/F-DW. In general, the bending stiffness in CD bending
between the FEA simulation and experiment was in good agreement (Table 3.1).

In AB/E-DW, the difference in bending stiffness for CD bending based on the bending direction
was approximately 14.7% higher when bending with B/F—A/F through FEA than in the opposite
case; however, it was approximately 10.5%, which was smaller than that obtained in the experiment.

Overall, the bending behavior of the corrugated boards for CD bending could be simulated
relatively well through FEA simulation; however, for MD bending, FEA simulation was impossible
owing to a large decrease in convergence and an error in FEA results depending on the contact
conditions with the modeled loading and supporting anvils caused by the non-uniformity of the MD
cross-section.
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Figure 3.6. Plots between bending force and deflection based on the different flute types of the
corrugated boards.
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Figure 3.7. Bending force vs. deflection plot (A/F—B/F) of AB/F-DW.

Table 3.1. Comparison of bending stiffness through experiment and FEA simulation on target

corrugated boards.
Max. bending Peak deflection Bending stiffness (Nm)
Flute force )
(mm) Experiment FEA
types (N)
CD MD CD MD CD MD CD MD
9.52 343 9.94 141 479 12.16
1040 422 9.86 157 527 504 1344 1194
AIF 10.20 343 1016 150 5.02 (+016) 1143 (141) 527 no
9.71 4.02 944 153 514 13.14
942 234 944 123 499 9.51
4.02 324 1427 357 141 454
432 245 1516 245 142 140 5.00 A73
B/F 412 284 1459 300 141 (+002) 473 (+015) 142 no
383 275 1394 289 137 476
412 284 1467 303 140 4.69
2140 11.09 6.66 165 16.07 3361
ABJF 20.01 11.56 6.18 161 1619 1576 35.90 3149
(BIE—A/E) 2250 10.79 701 155 16.05 (059) 34.81 (£150) 16.36 no
19.60 10.00 6.70 156 14.63 32.05
2325 11.18 732 155 1588 36.06
14.81 7.55 9.55 211 775 17.89
15.89 7.65 9.92 296 801 19.52
BB/F 1520 7.26 9.94 191 765 (176.7126) 19.01 (ﬁzg) 591 no
15.30 726 1006 191 760 19.01
16.28 716 1073 184 759 1946
2256 1344 783 185 1441 36.32
ABJF_re 23.05 1648 781 219 1476 1411 37.63 3677
(A/F —BJE) 19.62 18.15 711 235 1380 (040) 38.62 (£150) 13.96 no
2276 15.89 823 214 1383 37.13
2423 15.89 8.81 201 1375 34.15

Note: () standard devitation.

4. Summary and Conclusions

In the packaging industry, there is a growing demand for the reduction of packaging waste and
use of more eco-friendly materials. One of the existing eco-friendly packaging materials are the
corrugated boards. They have high strength and stiffness per unit weight compared with plastic
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foam-based packaging materials. FEA simulation techniques have been applied to various packaging
designs based on corrugated boards with anisotropic properties, saving experimental cost and time
and contributing to detailed design problems by adjusting various variables and preparing samples
that are inaccessible by experimental methods. In addition, many researchers have pointed out
problems such as the validation of FEA material properties and FE modeling to improve the
reliability of FEA simulation results in various problems.

In this study, the bending behavior, which is important in corrugated packages, was
qualitatively analyzed for various variables through an FE-based simulation, and the possibility of
an alternative test method for four-point bending tests on corrugated boards was investigated
through a similarity analysis with the experimental results. A detailed summary of the results is
provided below.

(1) Overall, the CD bending behavior of corrugated boards could be simulated relatively well
through FEA simulation; however, it was impossible to simulate the MD bending behavior
through FE-based simulation because of a decrease in convergence and a large error caused by
the variability of the contact condition of the modeled test specimen with a non-uniform MD
cross-section.

(2) The thickness of the corrugated board had the largest effect on the CD bending stiffness through
FEA simulation; under the same conditions, A/F-SW was approximately 3.7 times that of B/F-
SW, and the difference in bending stiffness between A/F-SW and BB/F-DW, where the difference
in thickness was not large, was small. Based on the experimental results, compared to the CD
bending stiffness of AB/F-DW under the same conditions, BB/F-DW was 49%, A/F-SW was 32%,
and B/F-SW was 9%, which agreed well with the FEA simulation results.

(3) In AB/F-DW, the difference in CD bending stiffness based on the bending direction was
approximately 17.2% greater when bending was performed with B/F = A/F through FEA
simulation than the opposite case, and approxiately 10.5%, which was smaller than this through
the experiment. However, the difference between the bending behavior (bending force versus
deflection) and bending stiffness based on the phase shift between the two flutes constituting
BB/F-DW was found to be insignificant.
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