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Modified Equivalent Drop Test for
Structural Corrugated Fiberboard Cushioning

Chen ZHONG" and Katsuhiko SAITO™

Previous studies have shown limitations of the conventional equivalent drop theory, and therefore, a
friction equivalent drop theory was proposed. We prove that applying the friction equivalent drop theory
to structural cushioning materials (SCM) using a corrugated sleeve as a test material can correct errors of
equivalent tests. However, a full proof of this conjecture remains to be obtained. Therefore, further
investigation is performed to obtain a robust conclusion for this new theory. In this study, we first
consider the influence of stress. Shock and dynamic compression tests are carried out using different
weight dummies. New data collection and data analysis methods are also proposed. The experimental
results showed that there is a correction effect when we apply the friction equivalent drop theory to the
corrugated sleeve. Finally, we evaluated quantitatively the correction effects.
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1. Introduction

Dynamic compression and shock tests are two important test methods used to evaluate the
cushioning performance of transport packaging. Theoretically, if the cushion is assumed to follow a
linear mass—spring model, then the dynamic compression and shock tests yield the same results for
equal free fall heights (Fig. 1(a)) -2 This result is known as the ‘conventional equivalent drop
theory’ (conventional theory). Saito et al. 9 proved that the conventional theory has limitations
that cause experimental errors, and thus, they developed a damping equivalent drop theory (damping
theory) by introducing a viscous damping model (Fig. 1(b)).
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Fig. 1. Three models. (a) Linear model, (b) Viscous damping model, (c) Friction model
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Earlier studies by Zhong et al. > © have shown that applying the damping theory using a
quasi-linear cushion can improve the equivalent precision of tests. However, this theory is not
applicable to SCM ”. Therefore, Zhong et al. ¥ ? proposed a friction model (Fig. 1(c)) and
developed a ‘friction equivalent drop theory’ (friction theory). Under the friction theory, Agmax and
Acsmax (the peak response accelerations of the dynamic compression and shock tests, respectively)
are expressed by Egs. (1) and (2), and a correction condition is given by EQ. (3):

Aﬁmax = Ugr + Wn V+Hﬁ 'wn'VF: (1)
Acs max — Ues * Wy - ‘/;,’7 (2)
- Ues H .
Vaew = —=V, = Ly, (3)
ugy ug

where @n is the natural angular frequency, u#, ues and us are correcting coefficients, V is the
impact velocity of the mass, V. is the velocity change on the shock table, V& is the velocity related
to friction and V. is the corrected impact velocity.

Zhong et al. '” proved that the application of the friction theory using a corrugated sleeve as a test
material could solve the aforementioned issue. However, this conclusion was based on only one
material (corrugated fiberboard) and one design configuration (a corrugated sleeve with the same
equivalent free-fall height and weight dummy). Therefore, to obtain a robust conclusion, it is
necessary to consider other factors such as stress, test material and free fall height. The influence of
these three factors can be investigated by varying the weight dummy, using pulp mould as the test
material and changing the free fall height of the mass. In this study, we address the influence of
stress.

2. Materials and Tests

2.1 Test equipment and materials
B Test equipment:

To perform the shock and dynamic compression tests, we used a shock machine (Yoshida Seiki
Co., Ltd.. JAPAN) and a dynamic compression tester (Yoshida Seiki Co., Ltd.. JAPAN), respectively.
An acceleration analysis instrument, termed the ‘Shock Manager’ (Yoshida Seiki Co., Ltd.. JAPAN),
was used to measure the response accelerations of the two tests.

B Corrugated sleeve:
A corrugated sleeve, created by folding by a corrugated fiberboard (‘A’ flute, LB210/MC120/LB

210), was used as test material (Fig. 2). Based on previous studies ¥
1), 12)

and considering the technical
specifications of the test equipment , its dimension was determined to be 180 %180 x 80 mm.
B Weight dummy:

Based on the research of NAKAGAWA ¥, we used nine weight dummies ranging between 4kg
and 12kg, in one kilogram increments. The length and width of the nine weight dummies were held

constant (220 x 220 mm), but their thicknesses were different (Fig. 3).
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i ﬁ Corrugated sleeve

Fig. 2. Corrugated sleeve Fig. 3. Weight dummies with corrugated sleeves

2.2 Test method

B Test flow:

The flow of the test was as follows:

1. Perform tests (using weight dummies in the range of 4 —12 kg)

1-1.Shock test

1-2. Dynamic compression test (based on the conventional theory)
1-3. Correction of V' (based on the data obtained in steps 1-1 and 1-2)
1-4. Dynamic compression test (based on Vaew obtained in step 1-3)

2. Process and analyse experimental data

3. Assess test results

M Data collection:

To compare the influence of stress, the free fall height H was set to 0.6 m and was held constant D
The equation Vih =+\/2gH was used to obtain the theoretical impact velocity of the mass Vin = 3.43
m/s. According to the conventional theory, Ve=Vin, which implies that Vo = 3.43 m/s.

In earlier studies > ®19 the data were adopted only when V or V.= 3.43 m/s for both tests.
However, when the tests were carried out, a large number of data was measured with V or V. #
3.43 m/s. Therefore, in this study, to improve the accuracy of the test results, we used statistics to
take full advantage of these data. Here, the effective impact velocity V and the effective velocity
change I were redefined in the range of 3.43+0.1 m/s.

According to the statistical theory, to ensure the reliability of the results, a test population must be
larger than 30 samples ) Therefore, in steps 1-1,1-2 and 14, we collected 40 sets of data for each test.

B Test method:

Using weight dummies in the range of 4-12 kg, we performed the shock and dynamic
compression tests. For each weight dummy, the test method applied was as follows:

First, we performed the shock test and recorded Ve and Aesmax. Second, based on the conventional
theory and using the impact pulse of the shock test in step 1-1, we carried out the dynamic
compression test and recorded Vand A# max. Third, similar to previous studies % 10), we corrected V'
using the data recorded in steps 1-1 and 1-2. In certain cases, the resulting Vaew was out of the range
of 3.43 £ 0.1 m/s. Fourth, if Vhew was not within the range 3.43 + 0.1 m/s, the dynamic compression
test was re-performed to measure the new peak response acceleration corresponding to the Vhew.
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2.3 Friction
The hysteresis loop of the friction model shown in Fig. 4 is based on a previous study ”. The area
enclosed by the hysteresis loop is called the loss energy. The loss energy Fn is expressed as
E, = ncw, A® + 4F A, 4)
where ¢ is the damping coefficient, F¢ is the friction, and A is the displacement.

-

I .
b A Displacement

Fig. 4. Hysteresis loop of the friction model

By rearranging Eq. (4), we obtain

1FE m
Furthermore, by substituting @, =+/k/m and ¢=2+v'km in Eq. (5), we obtain
L Ny 6
“T1a 2 ©)

where k is the spring constant.

According to literature ' '), the hysteresis loops of the friction model are the complete nested
hysteresis loops (Fig. 5). Thus, the term £n/A in EQ. (6) is constant. Furthermore, because & is
constant, from Eq. (6) we predict that if the increase in the weight dummy causes a large change in
A, then F2 will decrease.

From the experimental data of the dynamic compression test obtained using weight dummies in
the range of 4-12 kg, we can draw the hysteresis loops of the corrugated sleeve. Fig. 6 shows the
hysteresis loops when using 4 kg, 8 kg and 12 kg weight dummies. Based on this figure we can
make two observations. (1) The upper parts of the hysteresis loops are almost identical. The ratio
FEn/A is almost the same for all dummy weights from 4 kg to 12 kg and is approximately equal to
2000 N. (2) The displacement values for the weight dummies are A4kg ~7mm, Askg =16 mm and
Ai2xg = 23 mm. Hence, by increasing the weight dummies, parameter A4 also increases.

QAO
g
n
£
Straiﬁ
Fig. 5. Complete nested hysteresis loops'>"'¢
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Fig. 6. Hysteresis loops of the corrugated sleeve for 4 kg, 8 kg and12 kg weight dummies

3 Difference in Peak Response Accelerations of the Two Tests

B Definition of difference in the peak response accelerations of the two tests

Difference in the peak response accelerations of the two tests (dGs) is an important indicator for
our study. According to dGs, we can know the correction effect of the friction theory roughly. dGs is
expressed as

dGs :44cs max(vc) - AAﬁ max(v)- (7)

B Calculation of dGs

There are two types of Asmax (V) corresponding to before and after the correction of V': Agmax
(Vola) and Asmax (View), respectively. Therefore, EQ. (7) has two cases: dGs = Aeomax (V) —
Afrmax ( I/old) and dGs = Acsmax ( I/c) — Afrmax ( I/new).

An example of calculating dGs = Acsmax (Vo) — Afrmax (Vola) is presented in Table 1. The
experimental data is too large to show completely in the example, thus, only a port of data is shown
in Table 1. First, the test results of both tests are listed in order of V:or V. Second, values of
Acsmax (V2) and Agmax (Vaia) corresponding to the same value of Ve or V are grouped together
(blocks with same colour). Third, we calculate dGs by the formula Acsmax (V) — Agrmax (Void)
using all the data in each group.

Table 1. Example of calculating dGs= Acsmax(Ve) — Atimax(Voig). Weight dummy: 6 kg

Dynamic Comprassion Test

Shock Test (Comventional theory) dGs

Ve Acsmax(vc) Vaua Afrmnx(Vuld) Velocity Acsmx(Vc)_Afﬁnnx(Vom)
(m/e) (@) (m/s) (@) im/s) (@)
3.8 623 3.6 337 3.368 g8
3.8 604 3.6 556 3.368 8.7
337 604 337 343 3.36 g7
337 333 3.36 43
3.37 98

339 642 339 973 3.37

339 604 3538 958

340 6138 340 fafthe]

340 633 340 377 3.38 68

An example of calculating dGs = Acsmax (V2) — Afrmax (Vaew) is presented in Table 2 (portion of
data). First, based on the friction theory '”, we calculate View using the data of the shock test (block
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@). Second, the old test results (the results when Vhew is within the range 3.434+0.1m/s) and the
new test results (the results when View is outside the range 3.43 +0.1 m/s) of the dynamic
compression test are listed in block @. Third, Aes max (V2) corresponding to a special Vi, and
Afrmax (Vaew) when V equals to this special View are grouped together (blocks with the same
colour) and are taken for permutation and combination (block ®). Finally, we calculate dGs by the
formula Acsmax (V) — Asrmax (Vaew) using all the data in a group (block @).

Table 2. Example of calculating dGs= Acsmax(Ve) — Attmax(Virew). Weight dummy: 6 kg

@O @ @ @
Shock Test Oorrectedl DynamicIO?m pression Test Data Arrangement dGs
[mpact Velocity (Friction theory)
Acsmad Vo) View View Asimad Voen) | |BosmadVo) i Voenw | Attnax Vnew) Velocity | Acsmad Vo)~ Asimax(Mnew)
e (m/s) (m/s) (e} (@ (m/s) (s)] {m/s) (s)]
< 604 349 5, B! 04 343 >, 585 349 13
504 351 |- a4 T _,,r""\.,_62.8:,”' 3.49 24
542 3.51 ©-- 348 628 [ Trmmee e il _,,';'_ 595 3.49 08
5§25 343 _3.4? _____ 395 . 604 . 3ET 607 391 -03
_ .34 588 o4 628 .41 -24
Go4 343 343 572 351 35
53.1 452 | ekl 503 351 14
:g-g Data of Agau{Voig) when V=3.43m/s 624 > 22-3

4  Test Results
4.1 Probability distribution of dGs

Using the statistical theory 'V

, if the friction theory can be applicable to SCM when stress varies,
the probability distribution of dGs after the correction should get even closer to 0.

Based on the experimental data, the probability distribution of dGs is shown in Fig. 7. Averages
and standard deviations of dGs among weight dummies are also shown in right bottom of Fig. 7. By
comparing the nine bar charts, the following conclusions are drawn. (1) When a light weight dummy
is used, dGs is large before and after the correction. (2) dGs reduces gradually with respect to the
increase in the weight dummy. (3) dGs with the highest probability after the correction is closer to 0
than before the correction. This behaviour is more prominent as the weight dummy becomes heavier.
By comparing the data of deviations, we can know that both averages and standard deviations of dGs
scatter between 0.78 and 3.18. Although averages and standard deviations of dGs when using 5, 9,
11 and 12 weight dummies are smaller than before the correction, these when using 4, 6, 7, 8 and 10
weight dummies are larger than before the correction. Therefore, it can be said that the friction
theory has a little effect to deviation. Additionally, it must be pointed out that numbers of the bar for
aggregating data are not the same among weight dummies due to the varied deviations under
different weight dummies.

Based on the bar charts of the probability distribution of dGs, we can qualitatively conclude that
the friction theory is applicable to SCM under different stresses. However, we cannot derive a
specific value for the correction effect of the friction theory. In other words, we cannot evaluate
quantitatively the effects of the friction theory only based on the bar charts. Therefore, in this study,
we investigate a new evaluation method.
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Fig. 7. Probability distribution, average deviation and standard deviation of dGs among weight dummies
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4.2 Evaluation of correction effect

B Data normalization:

Figure 8 shows examples of response accelerations of the shock and dynamic compression tests
using 5 kg and 12 kg weight dummies. It can be seen that the peak response accelerations of the
same test under different stresses considerably differ. In other words, the comparison basis of
evaluating the correction effect varies. Therefore, the test results cannot be directly compared. To
remove the influence of the different comparison basis, we need to perform data normalization.

Tests using 5 kg weight dummy Tests using 12 kg weight dummy
90 90
—— Shock test —— Shock test
80 - Dynamic compression test 80 - Dynamic compression test
~ 70 4 (before correction) ~ 70 4 (before correction)
g = = Dynamic compression test Q/ = e Dynamic compression test
- 60 (after correction) c 60 (after correction)
2 50 2 50 -
g 40 g 40 |
§ 30 § 30 A
< 20 < 20 A
10 10 A
0 TR 0 . -
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)

Fig. 8. Response accelerations of the two tests using 5 kg and 12 kg weight dummies

To perform data normalization, we first need to determine the true value of the peak response
acceleration. We measure two types of peak response accelerations, Acsmax(Ve) and Agmax(V),
and need to determine which of these types represent the true value of the peak response acceleration.
According to the aforementioned test method, we know that when H=0.6m, Vih=3.43 m/s.
Therefore, the peak response acceleration of the dynamic compression test when V' =3.43m/s,
Aprmax (Vzs.43) must represent the true value. Actually, several Agmax (V343 ) measurements were
obtained during the dynamic compression test. Therefore, for data normalization, the average value

of Afrmax (V=3.43 ) must be calculated.
According to the analysis above, the data normalization equation I'is defined as follows:

I = Zn (Acs max(‘/c) - Aj] max(V)) . (8)
Aﬁ max(V:3.43)

Considering two types of A#max (V), Eq. (8) is broken up into two equations, as shown in Egs.
(9) and (10):

Acsmax V;, - A max %
Fhefore = Zn ( —( ) i ( ld)) ) ©)]
Aﬁ max<V=3.43)

Zn (Acs max(‘/;:) - Ajj max(vnew))
Catter = == . (10)
Aﬁ nlaX(V:3.43)
Here, Acmax(V2) is the peak response acceleration of the shock test when V. is equal to a specific
value (for example, V.=3.45 m/s). Furthermore, Asmax (V) is the peak response acceleration of
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the dynamic compression test based on the conventional theory when V is equal to the
aforementioned V:(i.e. V =3.45 m/s). Similarly, A#max (Vaew) is the peak response acceleration of
the dynamic compression test based on the friction theory when V = View (Vaew is calculated
when Ve =3.45m/s based on the friction theory, using the data obtained from the shock test).

B Correction indicator

Only considering the peak response acceleration of each test, Fig. 8 can be generalised to Fig. 9(a).
After data normalization, Fig. 9(a) changes to Fig. 9(b). Using parameter I' we can compare the
correction effect under different stresses. However, we cannot use I'before [] Tatter to evaluate the
correction effect, because according to Fig. 9(b), the error levels under different weight dummies

differ widely.
We address this issue by proposing a new correction indicator A, defined as

T —T,
A — before after % 100 %. (11)
Fbefore

By using the correction indicator A, Fig. 9(b) is changed to Fig. 9(c).

Y pe——— 35 ) o
S ® SR
a5 Q5 — ——<=
o Qo oo
o g °g
x O x O kg 12 kg~ Weight dummy

© Ep—— ©
3 oo | = 3
a & —

5 kg 12kg  Weight dummy

I Shock test 25 ‘ (C)

[T Dynamic compression test (before correction) 3 ©

XY Dynamic compression test (after correction) 8% RE I ﬁ_

Error of equivalent accuracy (before correction) ; § -
<— Error of equivalent accuracy (after correction) § 5 kg 12kg  Weight dummy

Fig. 9. Schematic representation of correction indicator

5 Discussions

The experimental results are summarised in Table 3. Column @ lists the weights of the dummies
used. Column @ contains the average of Agmax (V=3.43). Column @ shows the average of the
friction under different stresses. The data in column @ corresponds to the results obtained using the
method presented in the section ‘Calculation of dGs’. The data presented in column & is the result
of normalizing the data in columns @ and @, Column ® lists the correction indicator calculated
by Eq. (11).

Using the data of column @), we plot the cushion curve (solid points in Fig. 10). It is known that
as the dummy weight increases, the peak response accelerations of the dynamic compression test
decreases. Based on the equivalent drop theory, the same trend holds true for the shock test. To
confirm the lowest point of the cushion curve, we performed additional experiments. In particular,
we used a 15 kg weight dummy, as shown by hollow points in Fig. 10, which was within the
technical specifications of our test equipment - 12 From Fig. 10, we can see that the point
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corresponding to the 15 kg weight dummy is not the minimum, i.e. in this study it was not possible to
obtain the lowest point of the cushion curve.

Table 3. Experimental results and comparison of the correction indicator

@ @ © @ © ® ©®
(kg) (G) N) before * after” before after

4 80.3 62 10.55 8.04 13.15% 10.02% 23.80%
5 67.0 51 8.76 6.62 13.08% 9.89% 24.41%
6 57.2 39 5.02 3.00 8.79% 5.24% 40.34%
7 50.0 31 3.33 1.64 6.66% 3.28% 50.77%
8 45.0 26 2.37 1.00 5.27% 2.22% 57.89%
9 40.5 20 2.20 0.68 5.44% 1.69% 69.01%
10 36.8 14 1.96 0.53 5.32% 1.45% 72.81%
11 34.5 14 0.84 0.17 2.45% 0.48% 80.30%
12 30.4 12 0.40 0.06 1.31% 0.20% 84.73%

(O Dummy weights.
@ Average of the peak response accelerations of the dynamic compression test when V = 3.43m/s.
@ Friction.
@ Average of dGs.
® Proportion of the equivalent errors of the two tests.
® Correction indicator A (a larger value indicates better correction effect).
a: Before correction using the friction theory. b: After correction using the friction theory.

Based on the data of column ®), the friction curve is plotted in Fig. 11. As mentioned above, under
different stress values, the friction did not remain constant, but instead decreased as the weight
dummies became heavier.

90 1
80 - —&— Data of final experiments

70 4 == Data of additional experiments
60
50 A
40 A
30 A
20 -
10
0 +——t—

2 4 6 8 10 12 14 16

Weight Dummy (kg)
Fig. 10. Cushion curve

Average of Agrmax(V=343) (G)

Using the data of column ®, we plot the correction indicator curve of the friction theory shown in
Fig. 12. The correction indicator is denoted by a percentage. This number represents the degree by
which the friction theory can improve the equivalent precision of the two tests with respect to the
results before the correction. A larger value indicates a better correcting effect. From Fig. 12, it can
be seen that the correction effect corresponding to the 4 kg and 5 kg weight dummies is
approximately 20%, and that corresponding to thel2 kg weight changes to approximately 80 %.
Considering this result along with the cushion curve, we conclude that as we approach the lowest
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point of the cushion curve, the correction effect improves. Therefore, the correction effect becomes
more apparent as the weight dummy increases.

There is a little correction effect when we use a light weight dummy. This result is attributed to the
fact that the corrugated sleeve is constructed from nonlinear cushioning material. It should be
pointed out that the correction effect of the area around the lowest point of the cushion curve is more
significant than that of the left area, because the left area of the cushion curve is barely used .

70 0 5
= 60 | -=#-- Average of Affmax(V-3.43 80 ,\?:
=3 —e— Average of friction L 70 &
.§ >0 1 L 60 >
S 40 - S
Y— -~ | =
o 207 R S <
& 20 e r 305
§ - 20 &

| @
T 10 L 10 5
>

0 . i . . . 0 <

2 4 6 8 10 12 14

Weight Dummy (kg)
Fig. 11. Friction curve

0, P
100% 90 o)
« L 80
% 80% L0 S
Il
£ L 60 2
2 60% 1 . é
5 - 40 F
5 40% - <
o I 30 B
= ()
S 20% - --®-- Average of Affmax(V343 [ 20 =2
== Correction indicator r 10 O;J
0% . t . t . t * t ! t : 0 <

2 4 6 8 10 12 14

Weight Dummy (kg)
Fig. 12. Correction indicator curve

6 Conclusions and Further Study

To verify the feasibility of applying the friction equivalent drop theory to SCM, the influence of
stress was investigated in this study. A corrugated sleeve was used as a test material and weight
dummies in the range of 4—12 kg were employed to calculate the stress. In addition, we investigated
the effects of friction. Based on the hysteresis loop of the friction model, we predicted that friction
decreases when stress increases and validated this prediction through test results. Moreover, we
proposed new data analysis and results evaluation methods using statistics. The experimental results
showed that although the equivalent errors of the two tests can be corrected by applying the friction
equivalent drop theory, the correction effects were not the same under different stresses. The
correction effect becomes more prominent as we approach the lowest point of the cushion curve.
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Considering that packaging designers typically use the lowest point of the cushion curve to design
transport packages, the results of our study have important practical significance.

The influence of the test material will be addressed in future studies. We will consider pulp mould
as the test material because of its nonlinear cushioning characteristics and extensive use in transport
packaging.
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BEARER—IVEREM I T 2R FME TR

fh = Wik BBE

P& TR ) O AI2ENR N & IR T 5 72 O OFEERT OMERE IS, BYEMERERIZ X - TRl S5 03,
EHETR TR OREE RFR B Tl BIEMERR TE RV 20, EERRBREE 2 A - 5% TR
BRCRIMESIND, ZNETOMIIZE Y, 7EROEMIE FRERIZI T 250 B RE T 5 S
TIEHAWZ ERHERMEIN TS, TOFKE LT, BBERICHEDRENER TX 202 &A%
Foid, LIen> T, xR & BEEOREL EB[E LUICHEGRICE SV IS Tallo Hik
EREL, BER—ADOELNTZAY =T 2R B e LT BB T T /W L D% %
TERBR ATV RSN FEERIC L 0 WS BR O N BN D 2 & A EBRAICHETR L=, F7-.
JEBSEANTE FELGR DA% T3 ISR T D 12 DITIE 2 R BN A2 B L2 T TR B 7220 A,
INE COEROMGRIIIBER TH o722 L6, ABFFETIX. xRS D&M T TO%AM
% TRER & B EMEBR 21T o 7o, & ORGSR, BEEEEME T B 1 IS & R B R — VR |23 ) C
XHZE, ROZEOREDREEENIRT Z ENTET,

F—O— R gk, R, BeaR—v. ST
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