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Method for Controlling Damage to Products
Subjected to Cumulative Fatigue Considering Damage Degree
at Each Layer in Stacked Packaging

Hiroaki KITAZAWA"™", Katsuhiko SAITO", and Yutaka ISHIKAWA""

To devise a method for controlling the damage to products considering the degree of damage per
shock (d) at each layer in stacked packaging, we laid board- or sheet-like cushioning materials between
each layer or outside the bottom of the boxes and studied the effects they had on the velocity change (Vc),
the peak acceleration (PAcc), and d at each layer in the stacked packaging. The results of a drop test
indicated that the values of Vc and PAcc corresponding to the drop shock at each layer in the stacked
packaging can indeed be controlled by laying the board- or sheet-like cushioning materials between each
layer or outside the bottom layer. Estimation results, obtained by a multiple regression analysis for the
calculation of a specific d, indicated that the layer having the maximum d (djy,) could be changed using
the cushioning materials, although the average d (d,,) throughout the packaging was not so changed.
These results will contribute to the development of a mixed packaging system for products with varying
fragility, damaged by cumulative fatigue.

Keywords: cumulative fatigue, multiple regression analysis, peak acceleration, repetitive shock, velocity
change

1. Introduction

In a previous study, we demonstrated that the combination of the velocity change (Vc) and peak
acceleration (PAcc) due to a dropping shock changed variously by the differences among the layers in
stacked packaging for strawberries damaged by cumulative fatigue”. Accordingly, the degree of damage
to the fruit per shock (d) varied according to the layer differences. These results indicated that the
differences in the combinations of V¢ and PAcc corresponding to different layers should be considered in
order to prevent products inside stacked packaging from being damaged because of cumulative fatigue
due to repetitive shock. The sensitivity of products inside stacked packaging to a single shock has been
thoroughly studied*®. However, few reports consider methods for controlling the damage to products
inside stacked packaging due to cumulative fatigue caused by repetitive shock.

The aim of this study was to propose a method to control product damage, considering d at each
layer in stacked packaging. When using packaging in actual transport, controlling measures are easily
applied. To control d at each layer, we laid board- or sheet-like cushioning materials between each layer
of boxes and outside the bottom of the boxes.
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2. Theory
2.1 Summary of experiment and analysis

First, we examined whether Vc and PAcc at each layer were changed by laying board- or sheet-like
cushioning materials between each layer or outside the bottom layer. Next, we estimated the resulting

changes in the d values. The d values corresponding to the combination of Ve and P4cc were estimated by
multiple regression analysis.

2.2 Multiple regression analysis for estimation of d values corresponding to the
combination of Vc and PAcc

Assuming damage boundary curves (DBCs) corresponding to a specific d, each d value is
determined according to two parameters: Ve and PAcc. Therefore, multiple regression analysis was
performed with Ve and PAcc as explanatory variables and d as the objective variable. We attempted to
lead the equation of multiple regression to cross each DBC (Fig. 1) as follows:
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Fig. 1 Estimation of d values corresponding to Vc and PAcc by multiple regression analysis.

where a, b, and ¢ are constants. The data of V¢, PAcc, and d for the multiple regression analysis were
obtained from a previous report”, which considered a drop test for strawberries inside five-layered
stacked packaging (Table 1). To confirm the significance of the regression equation, an analysis of
variance (ANOVA) was performed. Both analyses were performed using statistical software (Excel
Toukei 2012, Social Survey Research Information; Tokyo, Japan). We used multiple regression analysis
only for estimating the d values because the DBCs cannot be drawn from the analysis.
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Table 1 Data of velocity change (Fe ), peak acceleration (PAcc ), and degree
of damage per shock (d) of strawberry fruit” for multiple regression analysis

Drop height Ve PAee
Layer” . 5 d

) (m) (m's) (m's”)

1 0.03 0.94% 194.7% 0.022*
0.05 1.49 3134 0.028
0.10 187 4420 0.052
0.15 222 6248 0.066
0.20 2.56 9141 0.092
0.25 3.02 9897 0.115

2 0.05 148 1392 0.022
0.10 1.95 260.9 0.037
0.15 2.32 3716 0.052
0.20 2.55 498.6 0.061

3 0.05 1.65 1245 0.021
0.10 2.07 2209 0.029
0.15 2.50 386.6 0.058
0.20 2.78 421.1 0.070

4 0.05 1.68 107.5 0.020
0.10 2.14 2104 0.031
0.15 277 3403 0.058
0.20 3.06 4505 0.070

5 0.05 1.66 117.8 0.029
0.10 2.46 177.7 0.035
0.15 2.91 2843 0.047
0.20 342 4593 0.077

*1: Bottom of five-layered corrugated fibreboard boxes.
5: Top of five-lavered cormugated fibreboard boxes.

¥Obtained from 11-12 replications.

*Obtained from 3 replications.

3. Experiment
3.1 Condition for Vc and PAcc measurements in drop test with each material

The dummy sample used to measure Vc and P4Acc was a five-layered stack of corrugated fibreboard
boxes (external dimensions: 355 mm X 254 mm X 75 mm) each containing four 300-320-g clay-packed
polyethylene terephthalate resin-made trays (external dimensions: 166 mm X 117 mm X 40 mm). A
20-mm-thick layer of foamed urethane sheets was placed on each tray to stop its rebound. Each box was
fastened by two plastic bands, and then the boxes were stacked. The bottom and top boxes were defined
as the 1*" and 5™ layers, respectively. The total weight of the stacked packaging was ~6.5 kg.

The board- or sheet-like cushioning material used to control Ve and PAcc should be easily
obtainable and not change the total weight of the packaging. In addition, it should be sufficiently hard to
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avoid the collapse of the cargo. Thus, we used a foamed plastic board (FPB), a corrugated plastic board
(CPB), and a foamed rubber sheet (FRS). The thickness of each material was 5 mm. The specifications of
each material are given in Table 2. Each material was laid between the layers or outside the bottom layer
(Fig. 2). The condition wherein the material was laid outside the bottom layer was labelled “0-1.”
Similarly, when the material was laid between the 1* and 2™, 2" and 3", 3" and 4", and 4" and 5" layers,
the conditions were labelled “1-2,” “2-3,” “3-4,” and “4-5,” respectively.

Table 2 Specifications of tested materials for controlling Ve and PAce

Material Made from... Density (g/cm’)’
Foamed plastic board, FPB Polyvinyl chloride  0.54

Corrugated plastic board, CPB Polypropylene 0.91°

Foamed rubber sheet, FRS Natural rubber 0.32

“Each value was measured by a gas pycnometer (AccuPyc II 1340,
Micrometrics, USA) .

YValue of the material in itself.

Fig. 2 Cushioning material for controlling Vc and PAcc; laying the corrugated plastic board
nd rd
between the 2 and 3 layers (CPB-2-3).

previous reports"®. That is, a three-dimensional accelerometer (2366 W; Showasokki, Tokyo Japan; size:
8.0 mm x 7.0 mm % 5.5 mm; weight: 1.2 g) was attached to the internal centre of one of the tray bottoms
using double-sided tape and kept in place by the weight of the clay. The dummy sample, i.e., the
five-layered stack of boxes, was dropped perpendicularly by hand. Then, the Vc and PAcc were measured.
In our previous study on strawberry fruit, we found that a drop height of around 0.2 m was enough
to damage the fruit during transport”. Thus, the drop height was set to 0.1 m. In the “0-1” condition,
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the distance between each layer of material and the counterface surface was adjusted to 0.1 m. The
counterface surface was a 10-mm-thick silicone rubber sheet (density: 0.27 g/cm’, compression stress at
25% distortion: 126.1 kPa) on an iron board to reduce the PAcc. The measurement conditions were as
follows: sampling interval, 500 us; data, 2000 points; filer mode, automatic; trigger level, 0.4%; and
pre-trigger, 5%. These conditions were set using a shock measurement and analysis system (SMH-12,
Shinyei Technology, Kobe, Japan), connected to the accelerometer and shock vibration analysis software
(SMS-500M, Shinyei Technology).

The Ve and PAcc data without any materials were obtained from the previous report” and shown in
Table 1 and were used for the control condition.

3.2 Estimation of 4 at each layer

The values of Ve and PAcc obtained from the measurement results of 3.1 were substituted into
Equation (1). Thus, the d values obtained from dropping were estimated for each material. The average
and maximum d values of the all 5 layers were also calculated: d, and d),,,, respectively.

4. Results and Discussion
4.1 Multiple regression analysis for estimation of 4 values corresponding to the
combination of Ve and PAcc

From the result of the multiple regression analysis of the data shown in Table 1, we obtained the
following equation with a high coefficient of correlation:

d=1.51E-02Vec + 7.85E-05PAcc — 1.32E-02 (r = 0.9848). ©)

The results of the ANOVA showed that the P value, indicating the significance, was 3.68E-15; this value
is sufficient to explain the significance of Equation (2). Therefore, this equation is reliable for estimating
d according to the combination of V'c and PAcc.

4.2 Effects of each material and its position on the Vc and PAcc at each layer

The data of Vc and PAcc in each layer for each material are shown in Tables 3 and 4, respectively.
Each Ve value tended to be large in the upper layer compared with the lower layer, which supports the
previous report”. The combination of V¢ and PAcc changed variously with each material (Fig. 3). Thus,
it was suggested that the hardness of the whole packaging and/or each layer was changed by using each
material when it was assumed as a spring. It was also reported that the transmissibility of the acceleration
at the upper layer was larger than that at the lower layer when a half-sine shock pulse was applied to the
stacked packaging®. Thus, in the current study, it was suggested that the transmissibility of the
acceleration at each layer was changed by using each material laid at a different position. Moreover, in
this study, the material of the counterface surface for the drop test was an elastic silicone rubber sheet; its
elastic properties might affect the combination of Ve and PAcc at each layer. To clarify this issue, further
studies are needed.
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Table 3 Effects of each cushioning material and its position on the Ve (m/s)
at each layer (Drop height: 0.1m)

Cushioning  Position of Layer
material  each material 1 2 3 4 5

No material :
- 1.87 £0.037 1.95+0.03 2.07+£0.04 2.14+0.02 2.46+0.03

(Control)*

FPB 0-1 1.73+0.03 2.07+0.03 2.08+0.03 2.30=0.05 2.51+0.08
1-2 1.87+0.05 1.93£0.04 2.18+£0.02 2.43+0.03 2.53+0.03
2-3 1.86 =0.06 1.90 £0.01 1.92+£0.03 243 +0.06 2.42+0.02
3-4 1.94+0.05 234 +£0.04 2.43+£0.04 2.30=0.03 2.60=0.04
4-5 1.74 +0.03 2.14£0.02 238+£0.03 2.52+0.03 2.65+0.04

CPB 0-1 1.61 £0.06 2.12+£0.02 232+£0.03 2.34+0.08 2.36+0.09
1-2 2.06 =0.01 1.69 = 0.03 2.21+0.03 2.35£0.06 2.33+£0.05
2-3 1.83+£0.01 1.93 = 0.04 2.10+£0.02 2.14 £0.05 2.21+£0.03
3-4 2.16 £0.03 2.08£0.04 2.09+£0.02 2.37+0.02 2.50+0.03
4-5 2.11+0.03 2.03 £0.02 2.11 +£0.03 2.37+0.01 2.05+0.07

FRS 0-1 1.77+0.03 2.00+0.02 2.16 £0.01 2.30 = 0.06 2.55+0.05
1-2 1.82+0.03 1.82+0.03 2.00+0.02 2.35+0.04 2.40 +0.05
2-3 2.10+0.05 1.98+0.02 2.14+£0.02 245+0.04 2.49+0.07
34 2.05+0.04 2.04+0.01 2.15+£0.03 232+0.05 234+0.05
4-5 2.09+0.05 2.04+0.02 2.16+0.03 224+0.01 251+0.03

“Each value was obtained from the previous reportl).
YAverage + SE (n = 6).
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Fig. 3 Shock pulses at the 5 layer under the following conditions: no material (Control; A),
FPB-0-1 (B), CPB-2-3 (C), and FRS-1-2 (D).
1))

The data for “no material” were obtained from the previous report .
The Ves for A, B, C, and D are 2.46, 2.51, 2.21, and 2.40 m/s, respectively.
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4.3 Estimation of d at each layer

The d values calculated according to the results in Tables 3 and 4, along with Equation (2), are
indicated in Table 5. For each material, the d values at the 1* and 4™ layers tended to be larger than those
of the control because the Ve and/or PAcc values in those layers tended to be large compared with the
control. Therefore, in most cases, it was estimated that the dy,, values at each layer were larger than the
control. On the other hand, a decrease in the d values compared with the control was observed at the 2"
and 3" layers in several conditions, corresponding to a decrease in the V¢ and/or PAcc values compared
with the control. Thus, it was estimated that the d,, values were not changed by using the material, except
in the FPB-3-4 and 4-5 conditions.

The trends in the d values at each layer in the FPB-0-1, CPB-2-3, and FRS-1-2 conditions are
shown in Fig. 4. For the FPB-0-1 condition, the d,, value was the same as that of the control. However,
the d,, value was smaller than that of the control because the d value at the 1™ layer decreased compared
with the control. For the CPB-2-3 and FRS-1-2 conditions, each dj,, value was larger than that of the
control because the d values at the 1% layer increased compared with the control. However, in both
conditions, the d values decreased compared with the control in the layers above the 2™ layer. Therefore,
the d, values were the same as those of the control.

Table b The d values at each layer estimated by V¢ and PAcc values, and Equation (2)

Cushioning Position of Layer Average Maximum
material  each material 1 2 3 4 5 (d 4) (d3z)
No material
- 0.05 0.04 0.04 0.03 0.04 0.04 0.05

(Control)*

FPB 0-1 0.04 0.04 0.03 0.04 0.04 0.04 0.04
1-2 0.06 0.03 0.04 0.04 0.04 0.04 0.06
2-3 0.06 0.03 0.03 0.04 0.04 0.04 0.06
3-4 0.06 0.04 0.04 0.04 0.04 0.05 0.06
4-5 0.06 0.04 0.04 0.04 0.04 0.05 0.06

CPB 0-1 0.05 0.04 0.04 0.04 0.04 0.04 0.05
1-2 0.06 0.03 0.04 0.04 0.04 0.04 0.06
2-3 0.06 0.03 0.03 0.03 0.04 0.04 0.06
3-4 0.06 0.04 0.04 0.04 0.04 0.04 0.06
4-5 0.06 0.03 0.04 0.04 0.03 0.04 0.06

FRS 0-1 0.05 0.04 0.04 0.04 0.04 0.04 0.05
1-2 0.06 0.03 0.03 0.04 0.04 0.04 0.06
2-3 0.07 0.04 0.04 0.04 0.04 0.04 0.07
3-4 0.06 0.04 0.04 0.04 0.04 0.04 0.06
4-5 0.07 0.04 0.04 0.04 0.04 0.04 0.07

“Each value was calculated by Equation (2). Therefore, all values are not the same as

those shown in the previous report".
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Fig. 4 Varying d by laying board- or sheet-like cushioning materials at each layer.

S. Conclusion

Our results indicate that the values of Vc and PAcc due to drop shock at each layer in stacked
packaging can be controlled by laying board- or sheet-like cushioning materials between each layer or
outside the bottom layer. Moreover, our results suggest that the layer with the maximum d (dy,,) could be
changed variously using these materials, although the average d (d4,) throughout the packaging was not
so changed.

6. Future Prospects

We suggest applying the current results to strawberries damaged by cumulative fatigue. For
strawberries, the difference in the firmness caused by the differences in the cultivar® or harvested period”
links directly to the sensitivity to shock during transport. Thus, a non-destructive method to distinguish
the firmness of strawberries has been developed®. The application of the aforementioned non-destructive
method has been limited to arranging the fruit depending on the destination® because there was no mixed
packaging system for fruits with different firmness.

On the other hand, our results will contribute to the development of a mixed packaging system for
fruits with different fragilities, wherein the fruits can be placed at different layers depending on their
firmness (Fig. 5). The control range of d can be widened by using board- or sheet-like cushioning
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materials, although it seems that the mixed packaging might be sufficient without these materials (Table
5). Our future research will focus on applying the present results in designing cushioning packaging for
products that are damaged by cumulative fatigue.

: L N Firmness d
oo | @High | Low
N — @ Middle | Middle
: _ B % Low High

Fig. 5 Concept of mixed packaging style for products having different sensitivities to repetitive shock.

nd rd
Here, a corrugated plastic board is laid between the 2 and 3 layers of boxes (CPB-2-3; case CinFig. 4).
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