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ABSTRACT

Study on Improvement of Evaluation Methodology of Cushioning Packaging
Chen ZHONG

Economic globalization is increasing the economic interdependence of national economies
across the world through a rapid increase in cross-border movement of goods in recent years.
Distribution of goods trends to globalization. This trend causes that package of goods is more
important than ever.

For safe delivery of a product from manufacturer to consumers, adequate cushioning is
indispensable. Using numerous cushioning materials and packaging methods, many package
versions can be designed. Considering the relationship of product and package design, if the
package cannot make up the difference between the product ruggedness and the environment
inputs, ‘under package’ occurs and product damage will most likely result. Conversely, if the
package is provided too much protection, the situation called ‘over package’ is economically
wasteful because money is being wasted on protection which is not required. Therefore,
packaging engineers seek ‘optimal package’ that provides sufficient protection to the products at
an economical cost. To accomplish this, the performance of the cushioning materials that are
used in transport packaging must be tested before the materials are applied in the packaging
design. In addition, the whole cushioning package must be tested to confirm whether it provides
sufficient protection to the products.

Cushioning package materials are usually evaluated by traditional drop testing methods, such
as free fall and controlled shock tests. Both tests are considered to yield the same results when
the test dummy is dropped from a given height. The basis for this assumption is the equivalent
drop theory. Physical test methods can be supplemented by a number of widely used simulation
methods.

In addition, a typical design procedure for the cushioning package comprises of the following
four steps. Step 1—Define the distribution environment (i.e. the shock and vibration). The
environment must be defined first to design package. Step 2—Define product fragility. The
product fragility represents the product’s sensitivity to shock and vibration. Step 3—Design the
cushioning package. First, the cushioning material may need to be tested, and then the shock
cushioning and vibration transmissibility curves are plotted. Second, from the test results, we
can determine the type, size and thickness of the cushioning material. Finally, the entire
cushioning package should be configured. Step 4—Perform verification tests for entire package.
This step confirms whether the package design is optimized. If all testing requirements are met,



optimal package design is accomplished. Otherwise, the designers must return to Step 3 and
repeat this procedure.

However, traditional drop test methods are limited by the following three shortcomings. First,
in the traditional equivalent drop theory, the package is assumed to behave as a linear mass—
spring model. Since no packaging materials satisfy this assumption, the applicability of the
traditional equivalent drop theory is limited by experimental errors. Second, the safety of a test
product is not guaranteed under traditional drop testing, while traditional simulation methods
are not sufficiently accurate for the stringent requirements of packaging materials. Third, for
traditional testing methods, design requirements are not usually met in a single verification
testing in practice. Repetition of Steps 3 and 4 two or three times is normal. A worst-case
scenario occurs when an inappropriate cushioning material was applied. In this case, large
quantities of labor and material resources are undoubtedly required.

The objective of this study is to issue aforementioned questions. We resolve the first
shortcoming by a new theory called the “friction equivalent drop theory’. On the basis of this
theory, we propose a new test method called ‘the hybrid drop testing method’ that integrates the
traditional drop test and simulation methods. The hybrid drop test ensures the safety of the test
product and improves test efficiency.

This dissertation comprises six chapters and an appendix.

Chapter 1 presents the research background, methods and purposes, focusing on two
traditional evaluation testing methods for cushioning material and packaged product. Traditional
and damping equivalent drop theories and digital simulation methods are also described.

Chapter 2 begins with the need for a new equivalent drop theory, and then introduces a new
physical model called the ‘friction viscous-damping model’. On the basis of this model, we
theoretically deduced shock response equations of the free fall and controlled shock tests.
Finally, a friction equivalent drop theory was theoretically elaborated. Due to a nonlinear
characteristic of the friction viscous-damping model, some approximate solutions for nonlinear
system such as average method and equivalent linearization method were applied during the
deduction of the two shock response equations. Meanwhile, simulation software called
MapleSim was used to carry out a digital simulation.

Chapter 3 describes a series of verification tests for proofing the feasibility of the friction
equivalent drop theory. A preliminary verification test based on a simple corrugated sleeve was
first performed. The equivalent free-fall height was decided as 60 cm. The results showed that
the equivalent accuracy is improved after an application of the friction equivalent drop theory.
To obtain robust proof, the further verification test was performed for a range of materials and
stresses. A corrugated sleeve and pulp mould cushions were used as the test materials.
Verification tests proofed the applicability of the friction equivalent drop theory to both



structural corrugated sleeve and pulp mould cushions. The corrective effects vary with stress but
become more prominent toward the lowest point of the cushion curve. The predictive accuracy
of the hybrid drop test is sufficiently high for practical application in cushion package design.

Chapter 4 introduces the hybrid drop test, a novel evaluation testing method based on the
friction equivalent drop theory developed in Chapter 2. The chapter begins with a conceptual
overview of the new testing method, followed by a flowchart. Finally, calculation of the
parameters of the FVD model is explained in detail.

Chapter 5 describes the verification test which proofs the feasibility of the hybrid drop test,
similar to the friction equivalent drop theory in Chapter 3. A mockup was constructed to
represent a real product—printer. Edge-coupling pulp mould was used as the cushioning
material. The controlled shock tests were performed and the experimental data such as
acceleration, velocity change were recorded. Data statistics was made on the basis of numerous
experimental data. The results showed that hybrid drop test is sufficiently accurate for practical
applications.

Chapter 6 presents the summary of this dissertation.

Appendix lists symbols and acronyms used in this dissertation.

Summarily, through developing a new equivalent drop theory and proposing a new evaluation
testing method, we improved evaluation methodology of cushioning packaging. Using the
hybrid drop testing method, we can predict the PRA for a specified package design at higher
drop heights by performing a single, low-height drop test.The hybrid drop testing method
provides packaging researchers with an alternative testing choice. It also ensures the safety of
the test product and improves test efficiency. We expect that this new testing method will
become of valuable assistance in futer packaging design.
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CHAPTER 1. INTRODUCTION

1.1 Overview of Cushioning Packages

The current trends toward economic globalization have placed increasingly competitive pressure on
markets. Distribution of goods has become global in scope'”, and goods are subjected to many hazards
during transportation. Damage to the package systems of goods in transit is broadly classified into the
following two categories: physical damage and chemical damage. Chemical damage includes rust and
discoloration caused by the meteorological environment (temperature, humidity, rain and sunshine), while
physical damage is caused by shocks and vibrations generated during transportation .

If products are to be safely delivered from manufacturers to consumers, then they must be protected
against these hazards during transportation. Therefore, packaging that protects the products against
physical damage is indispensable. In particular, a cushioning package will provide an essential buffer
between the product and distribution-related hazards .

O Package Optimal Package  Under package Over package
B Product (Damage)
ENVIRONMEN , % /

. 7 /

: 7

[

w

>

w

%)

0 |

Figure 1-1  Cushioning Package Concept.

The bar chart of Figure 1-1 illustrates how packaging should be designed to suit the product and
environment. The background can be regard as the level of environmental severity for a given distribution
channel. Although the product can inherently withstand a certain amount of abuse, it cannot usually
withstand the rigors of shipment without support. The role of the package, therefore, is to compensate for
the difference between environmental stress and ability of the product to withstand these stresses. In the
ideal case, second bar in Figure 1-1, the package exactly makes up the difference between the product
ruggedness and environmental inputs. The situation in which packaging is inadequate (trird bar in Figure
1-1) is called ‘under packaging’ and likely leads to product damage. Conversely, the situation called ‘over
package’ (depicted in the fourth bar in Figure 1-1) is economically wasteful because money is spent on
protection that is not required. Thus, inappropriate choice of cushioning material will result in over



packaging or under packaging, neither of which is desirable. The optimal packaging can be ensured by
testing the performance of the intended cushioning materials before applying them to the packaging design.
In addition, the entire cushioning package must be tested to confirm whether it provides sufficient
protection to the products.

Cushioning packages are widely used because they are relatively inexpensive and provide a large
cushioning effect, while conforming to the sustainability mantra of ‘reduce, reuse, recycle’ ', As
mentioned in Section 1.1, a vital consideration in packaging development is to determine whether a
packaged product is likely to be damaged during its journey to the final customer. A fundamental role of
packaging is to ensure the safety of a product during transportation and storage. If a product is damaged in
transit, this primary objective fails and the customer will either return or refuse to purchase the product”.
Therefore, an essential step in package design is evaluation testing for cushioning, which will verify the
cushioning protection offered to component materials or packaged freight.

Package testing involves the measurement of characteristics or properties of the packaging, including
packaging materials and components, primary packages, shipping containers and unit loads, as well as the
associated processes. The various purpose of packaging testing are as follows .

»  To determine whether, or verify that, the requirements of a specification, regulation or contract are
met,

»  To validate suitability for end-use,

»  To provide a basis for technical communication,

C Beginning >
|

Step 1. Define the environment

|

Step 2. Define product fragility

!

Step 3. Design the cushioning package

Cushioning performance test

!

Decide the cushioning material

!

Design the cushioning package

!

Step 4. Packaging performance test

Sufficient protection

YES

T

Figure 1-2 Cushioning Package Design Procedure.
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»  To assist with finding solutions to current packaging problems, and
»  To help identify potential cost savings in packaging.

A typical design procedure for the cushioning package is shown in the flowchart of Figure 1-2. This
procedure, developed in conjunction with the School of Packaging at Michigan State University ', has
been accepted by a worldwide packaging designer. The procedure comprises of the following four main
steps.

Step 1—Define the distribution environment (i.e. the shock and vibration environment “'"*). The
environment must be defined before the package is designed. By selecting the most severe drop height
anticipated in the distribution environment, a representative acceleration vs. frequency profile is compiled.

Step 2—Define product fragility. The product fragility represents the product’s sensitivity to shock and
vibration. Shock and vibration fragility are characterized by the shock damage boundaries """ and
critical vibrational resonant frequency ! ®™'”! of the product, respectively.

Step 3—Design the cushioning package. First, the cushioning material may need to be tested, and then
the shock cushioning curves™"* and vibration transmissibility curves”"*” are plotted. Second, from the
test results, we can determine the type, size and thickness of the cushioning material. Finally, the entire
cushioning package should be configured .

Step 4—Perform verification tests to confirm whether the package design has been optimized. These
tests inform whether the provided protection is inadequate, sufficient or superfluous. If all testing
requirements are met, optimal package design is accomplished. Otherwise, designers must return to Step 3
and repeat this procedure. In practice, design requirements are not usually met in a single verification
testing, and repetition of Steps 3 and 4 two or three times is normal. A worst-case scenario occurs when
the packaging fails because of inappropriate cushioning material applied. In this scenario, large quantities
of labour and material resources are undoubtedly required.

1.2 Research Background

In Section 1.1, we highlighted the importance of verification testing in packaging design. The ability of
the packaging to absorb shock and vibration hazards during distribution is verified by drop and vibration
tests, respectively. TSUDA *"**) and HOSOYAMA """l conducted valuable research on vibration test.
In this study, we focus on the drop test.

Traditional drop tests generally determine whether the peak response acceleration (PRA) is within the
desired range and product is likely to be damaged (i.e. whether the package cushioning provides sufficient
protection) ™. However, the test dummy itself will likely be damaged under traditional drop test. This is
often unacceptable, e.g. if the product is very valuable or in limited supply.

The following conditions are often encountered in packaging design and testing. Design requirements
specify the drop height H as 80 cm. However, the product approaches its damage boundary if dropped
from this height. As mentioned above, scarce or expensive products must remain undamaged through the
verification test. Traditional testing methods are clearly inappropriate in this situation, because free fall and
controlled shock tests confer a high risk of damage. On the basis of the above consideration, a simpler,
more efficient verification testing technique is required in modern package design.

In addition to physical testing methods, such as free fall and controlled shock tests, a number of widely
used simulation methods are available, including ANSYS ©ELE TS DYNA ® ¥ ¥ and MSC
Nastran ™ ), In a typical digital simulation, the physical characteristics of the cushioning material are
established in a series of preliminary tests. The test data are converted to native parameters that can be used
by the simulation software, and the simulation is run. The cushioning performance of the transport
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packaging can often be verified without repeated test. However, when repeated tests are needed, digital
simulation is particularly advantageous.

Although simulation methods are sufficiently accurate in many engineering fields such as automobile
manufacturing and aerospace " they are insufficient for transport packaging because of the physical
characteristics of the cushioning materials. The most widely used cushioning materials in package
engineering are paper and plastic cushions, both of which display nonlinear characteristics. Consequently,
simulating their physical characteristics with sufficient accuracy to satisfy the simulation requirements is
difficult.

An important alternative approach is the equivalent drop theory, pioneered by Goff et al."**) in 1976,
They first demonstrated the correlation of shock with the free fall height. The shock response, an important
indicator of the performance of cushion materials'*”., is obtained from the results of a free fall or controlled
shock test. Assuming that the cushion follows a linear mass—spring model “**), the free fall and controlled
shock tests yield the same results for equal free-fall heights. This result is known as the ‘traditional
equivalent drop theory’. However, the linear mass—spring model is an idealized case that is not realized by
any cushioning materials in the real world. Therefore, if the aforementioned precondition does not exist, is
the equivalent free-fall height exactly equivalent?

Using expanded polyethylene as a test material, Saito ef al.*”* ™"’ demonstrated the limitations of the
linear model and that experimental errors may invalidate the traditional equivalent drop theory. They
introduced viscous damping into the equivalent drop theory, and developed a new ‘damping equivalent
drop theory’. An earlier study by Zhong et al.'*" " showed that the damping equivalent drop theory
improves the precision of equivalent tests on quasi-linear cushioning materials; that is, the equivalent
free-fall height under the damping equivalent drop theory for the quasi-linear packaging cushioning
system can be considered to be equivalent. However, no researcher to date has dealt with the question of
whether the equivalent free-fall height is still equivalent for nonlinear packaging cushioning system such
as structural cushioning material (SCM). Therefore, to improve the precision of equivalent tests while
providing a new theoretical basis for experimental analysis, researchers must develop an improved
equivalent drop theory based on a new physical model.

1.3 Shock Hazard

Static cushioning packages always subjects the effect of gravitational acceleration g = 9.8 m/s”. A
package in transit may be exposed to both gravitational force and hazard forces induced by shock or
vibration. Since excessive forces are likely to damage the product, external forces applied during
packaging design must not exceed the force tolerance of the product ™.

According to Newton's second law of motion ™, force F'is expressed as

F =ma, (1.1

where m is mass and « is acceleration. Acceleration is typically used to assess the cushioning performance
of the package.

A schematic of a generic packaged product is shown in Figure 1-3(a). The shock hazard to which the
package is subjected is evaluated from an acceleration—time curve, shown in Figure 1-3(b). The force
exerted on the package is represented by the input pulse, while the response pulse represents the force
experienced by the product encased in the cushions. The horizontal and vertical axes denote time and
acceleration, respectively.

Shock hazard is determined by the shock pulse, which comprises the following three parts: velocity
change, peak acceleration and shock pulse shape . The velocity change V. is represented by the area
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under the input pulse in Figure 1-3(b). According to Newton’s fragility assessment theory ™", V. is a key
parameter determining product fragility.

In Figure 1-3, two important data points are the peak input acceleration (PIA) and peak response
acceleration (PRA). PIA and PRA are important indicators of the cushioning performance of the
packaging systems. PIA defines the maximum force exerted on the package, while PRA is the maximum
force experienced by the product.

B Accelerometer 1
PIA
Cushion Cushion
Input pulse
C
i<l
Product §
roguc 3 Response pulse
- S
Cushion Cushion Y
S\ >
J= .
Time
(a) (b)

Figure 1-3 Generic Packaged Product and Acceleration—Time Curves.
(a) Schematic representation of packaged product, (b) Input and response curves.

Acceleration is measured using an acceleration pickup instrument, termed ‘shock manager’ is used. The
shock manager (Figure 1-4(a)) is a suite of software and hardware manufactured by Yoshida Seiki Co.,
Ltd. In this study, the shock manager plays the following multiple roles ™

CH1
STRAIN AMP.
2

®: O

=

©:

2

®

Figure 1-4 Shock Manager.
(a) Shock manager suit, (b) Rear panel of shock manager.
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»  Measurement of acceleration.

Input acceleration and the response acceleration from a maximum of 10 channels are measured (Figure
1-4(b)).

»  Digital filter function

The digital filter function allows measurement of the waveforms filtered under filter conditions that are
individually specified for each channel.

»  Cushioning material characteristics analysis

The system plots a displacement waveform and an acceleration—displacement diagram, along with the
acceleration waveform. These graphs allow the true effect of shock on the packaged fieight, or the shock
absorbing characteristics of the cushioning material, to be analysed.

»  Shock response (SR)/shock response spectrum (SRS) analysis for damage prediction

When a natural frequency and damping coefficient are set for damage-prone parts of the product or the
effect of an external force requires scrutiny, the system calculates and displays the response waveforms of
the relevant parts.

To measure the input acceleration using the shock manager, the accelerometer, one end of which is
embedded in a test machine in advance, is plugged into Channel 1 shown in Figure 1-4(b). The response
acceleration is measured by attaching one end of another accelerometer to a product or weight dummy and
plugging the other end into one of Channels 3—12.

The configuration of the test equipment is shown in Figure 1-10 in the next section, and the measured
results are shown in Figure 1-5.
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Inp. Data Samples 2000Pt
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-300 < 2
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22 Input pulselch.4 1

View analyze
toalbar
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100
| ch.a
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V.oc. 5.38 m/fs
49 LPF. 300.0 Hz (-
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Figure 1-5 Screenshot for Acceleration—Time Curves of Input and Response Pulses.
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According to Section 1.1, verification test is conducted on the following two broad packaging classes:
cushioning materials and packaged product. Traditional tests applied to these two classes are introduced in
the following section.

1.4 Evaluation Tests for Cushioning Materials

The cushioning materials determine the design and performance of the packaging. To aid the design
process, packaging engineers require knowledge of the physical and (in some cases) chemical properties
of the materials. Suppliers publish data sheets and other technical communications that include the typical
or average relevant physical properties and test methods on which these are based. Sometimes these data
are adequate; at other times, certain characteristics must be clarified by the packager or supplier, which
requires additional cushioning material testing. These tests typically involve dynamic compression and
controlled shock tests.

14.1 Dynamic compression test

Weight hammer

Drop height

Cushioning material

Impact table

Figure 1-6  Dynamic Compression Tester.

The dynamic compression test requires a specially designed instrument known as a dynamic
compression tester (Figure 1-6). In general, the dynamic compression test is applied to simple-shaped
packaging materials, and it is not suitable for complex-shaped cushioning materials, such as pulp molding
products. A schematic of the dynamic compression test for cushioning materials is illustrated in Figure 1-7.
In the first step, the drop height is determined, and a hammer is raised to this level. Next, the test material is
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placed at the centre of the platform, and the hammer is vertically withdrawn by the controller. The
experimental data (e.g. response acceleration, impact velocity, rebound velocity and strain of the test
material) are recorded when the hammer strikes the test material.

| — | —
Weight hammer IEJ

Accelerometer ik I {1a
""" T
Cushioning material |
| Drop height
I
Console f i
—— l Shock manager
00 S5
< ]
SMK-12 -/\-
il il . ° —

Figure 1-7  Schematic of the Dynamic Compression Test for Cushioning Materials.

Figure 1-8 shows a screenshot of the dynamic compression test results.

cwme | pu | EREE | @R | 2AES | ZAES | WEE | Eh | GE4E | RREE
[Kgf) Com™2) {rnm)) [ ) (G { ) [més) [més)
1 1 4.1 100.0 30.0 a0.0 B2.7 16.5 3.47 1.40
2 a0.0 E3.8 16.4 3.38 1.88
3 a0.0 B2.7 15.8 3.47 1.498
4 a0.0 h8.E 16.2 3.42 1.40
b a0.0 ER.0 15.8 3.41 1.89
g 0.0 ha.7 16.6 3.43 1.84
¥ 0.0 B0.4 15.7 3.38 1.89
a 0.0 R3.2 15.6 3.38 1.78
g il = .5 1. 1
AERF : Test material ISPREX © Nominal thickness
[FH% : Order SEHIE X : Actual thickness
EFPEE . Mass of hammer AIGEEE © Acceleration
EifE :  Area ZZA7 . Displacement
EZSHE © Impact velocity SRHE © Rebound velocity

Figure 1-8 Screenshot of the Dynamic Compression Test Resullts.
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1.4.2 Controlled shock test

Weight plate

Cushioning material

Shock table

Impact rubber

il i [ ]
[} [}
0 ._—'f;——— Weight dummy
= ! ! !— —
1 I

Accelerometer 2
Cushioning material

Accelerometer 1

Shock table

Iél y a—

Shock manager

Console

e N Y e e 1

Figure 1-10 Schematic of the Controlled Shock Test for Cushioning Materials.
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The controlled shock test is undertaken by a shock machine (see Figure 1-9), and it is configured as
illustrated in Figure 1-10""". Similar to the dynamic compression test, the drop height is first determined,
and the shock table is raised to this level. Next, the test material is fixed to the shock table. The test material
and shock table are simultaneously dropped, and the experimental data (e.g. input acceleration, response
acceleration, impact duration) are recorded when the shock table strikes an impact rubber. The input and
output pulses are measured by two accelerometers (Accelerometers 1 and 2, in Figure 1-10).

1.5 Evaluation Tests for Packaged Products

Packaged products may be dropped or impacted by other items. Important properties of packaging are
package integrity and the extent of product protection. Evaluation tests on packaged products assess the
resistance of packages and products to controlled laboratory shock and vibration. Testing also determines
the effectiveness of package cushioning in isolating fragile products from shock.

This section introduces free fall, dynamic compression and controlled shock tests.

1.5.1 Free fall test

Packaged product
Whirling arm

Free fall height

Figure 1-11  Free Fall Tester.

To date, the free fall test has been most frequently adopted because the necessary equipment is
inexpensive, operation procedures are simple and a wide range of test dummies can be accommodated ™.
The components of the free fall test are illustrated in Figure 1-11, while Figure 1-12 is a schematic of the
test method. In this test, the free fall height is first determined, and then the arm is raised to this level. Next,
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a packaged product is placed on the arm, and the arm is rapidly withdrawn using the controller. The
packaged product drops and experimental results are recorded **. However, because the packaged product
drops in free fall, the bottom of the packaged product does not remain parallel to the ground during the
drop process. Accurate results cannot be achieved if the packaged product drops non-horizontally.

|]OOOOO[|

| Free fall height

-~

Shock manager

|
|
|
: |
1 1
Accelerometer —— & | Ground SMH-12 -/\-
| LV N

||
A% YN N\ A N A O A ) AN D )N DN DD W RN = l____EEEE_____)

Figure 1-12 Schematic of the Free Fall Test for Packaged Product.

1.5.2 Controlled shock test

The departure from horizontal falling of the packaged product is illustrated in Figure 1-12. As shown in
this figure, the test dummy almost inevitably tilts during the surface drop test™. To circumvent this
problem, the free fall test was substituted with a controlled shock test (Figure 1-14).

The controlled shock test confers the following advantages:

1. The package can be precisely orientated throughout the entire drop process.

2. Itis potentially considerably more accurate than the dynamic compression test because the input pulse
is an actual waveform.

3. Since one machine can fulfill the functions of two machines, testing costs may be reduced. That is, if a
laboratory already stocks a shock machine for analyzing product fragility, staff need not buy a
separate drop test machine used solely for that purpose.

The test method differs from that of the cushioning material only in the cushioning material or packaged
product used.

Figures 1-13 and 1-14 display a photograph and schematic of the controlled shock test for the packaged
products, respectively.
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Figure 1-14 Schematic of the Controlled Shock Test for Packaged Product.
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Figure 1-15 Settings Screenshot of the Controlled Shock Test for Packaged Product.

1.6 Relevant Standards

Methods for package testing are published in several standards organizations, such as International
Organization for Standard (ISO)'®, American Society for Testing and Material (ASTM) *"", European
Committee for Standardization (CEN) ), Technical Association of the Pulp and Paper Industry
(TAPPI) '’ and International Safe Transit Association (ISTA)®. Testing standards for cushioning
materials and packaged product are summarized in Tables 1-1 and 1-2, respectively.

Table 1-1 Testing Standards for Cushioning Materials.

Standard Number Standard Title

JISZ 0235:2002  Cushioning materials for packaging-Determination of cushioning performance
JISZ 0240: 2002  Structural cushioning materials for packaging-Determination of cushioning
performance

The JIS Z 0235 standard ' specifies the cushioning performance and compression creep tests of
packaging components such as regular shape cushions, cellular rubbers and plastics.
The JIS Z 0240 standard ' specifies the drop test method for SCM. In general, SCMs are

random-shaped cushions.
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Table 1-2 Testing Standards for Packaged Products.

Standard Number Standard Title

JISZ0119:2002  Mechanical-shock fragility testing methods for packaging and products design
JISZ 0200: 1999  Packaged freights-General rules of testing

JISZ 0202: 1994  Method of drop test for packaged freights

JISZ 0212: 1998  Packaged freights and containers-Method of compression test

As mentioned above, a product in transit is exposed to numerous distribution hazards such as vibration,
shock and compression. The JIS Z 0200 standard Y specifies general test methods for confirming whether
the package optimally protests the product from these hazards.

Two parameters frequently used in package design are the critical acceleration and critical velocity
change, from which package engineers can construct a damage boundary curve. The JIS Z 0119
standard*” defines the test methods to obtain these technical targets.

The JIS Z 0202 standard ' specifies drop test methods for packaged products.

The JIS Z 0212 standard "’ specifies compression test methods for packaged products.

1.7 Existing Equivalent Drop Theories

Two equivalent drop theories are commonly used today. We refer to these as the traditional equivalent
drop theory and damping equivalent drop theory.

1.7.1 Modeling of packaged product

Product

Packaged product

Cushions (pulp mould + corrugated box)

(a) (b) (©)
Figure 1-16  Modeling of Packaged Product.
(a) Packaged product, (b) Product and cushions, (c) Modeling.
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To assist packaging research, the package should be conceptually modeled. Figure 1-16(a) shows an
example of a common cushioning package. The package can be divided into product and cushions (see
Figure 1-16(b)). Here the printer is referred to as the ‘product’. In addition, according to JIS Z 0240
standard (enclosed by the solid rectangle in Figure 1-17 and equivalent to ASTM D4168 ™ or ISO
8568 1! standards), the corrugated box and pulp mould belong to SCM and are collectively referred to as
the ‘SCM” in the model (Figure 1-16(c)).

HAETIZERE JIS
Z 0240 : 2002

EERABEEEREYE —FEERRG

Structural cushioning materials for packaging—

Determination of cushioning performance
1. EEEE CoMEE, ERTEOREEE L 2 O EBEFEEMEOFEHERAEIC DLW TREET

—_—_
3. EE COHBTHVWIELHBOERIE, RICL5.

a) | BEHREFEME BA—N, TR FIAF v 7o—rRERTHHITFGHEAYIC ko TEEEE
ET23b0, RUALTE=NLE, BE77AF v 7o — R EOBBIC L > TBE#EE: L7-a%
RifggEse (T, et vI.).

b) HEYI— BEFMHZAIETIA0CHE:L L CTHESBREZERL LD,

TR,
L 2B, HEETRBEBCL3HAR, FEVI—0OBEEE AUEEs 52 2 AEETAEST,

il B LR T Sl S S I, WS S it S L Je

d BANEE-HSGRE MEIETES I —IcEUARKNEE, EREEYI-0EERLL, BE

RS EBIIIEREREE LTERL R,
e————

Figure 1-17 Section of JIS Z 0240: 2002 Standard.

1.7.2 Conception of test at free fall

According to Figure 1-16, the cushion mechanism is the same in the free fall and dynamic compression
tests. Therefore, the free fall and dynamic compression tests are jointly called the ‘7est at free fall’ in this
study.
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1.7.3 Traditional equivalent drop theory

A) Linear model
The simplest mathematical model ™ that describes the behavior of the cushioning materials is the linear
spring—mass model (Figure 1-18), hereafter abbreviated as the ‘Linear model’.

Product
roduc Mass

m

=

SCM Spring

Figure 1-18 Linear Model.

B) Test at free fall

Applying law of conservation of energy to the Linear model, the following equation is obtained:

mV?2 _ ka2

max

mgH = 5

where & is the spring constant, Z is the drop height, V' is the impact velocity of the weight dummy
and Tmax is the maximum strain of the spring,
Rearranging, Tmax is obtained as follows:

20gH -m
Lmax = L ; (12

According to the equation of motion, following is obtained
F=mi = krmax. (1.3)

where F' is the force.
Eq. (1.3) is rewritten as

= —

(14

m
The PRA on a weight dummy of the test at free fall PRA 4 occurs when the spring is most compressed.
Therefore, substituting Eq. (1.2) in Eq. (1.4), PRA is obtained as

k 20H - k
PRA; = % - < =wy -V, (1.5

where

V =+/2¢h,

[k
Wy = oo (wy, is the undamped natural angular frequency).
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C) Controlled shock test

In the controlled shock test, the SRS of the system is recorded when an extremely short half-sine shock
pulse is applied to the system, as shown in Figure 1-19. Here the model is regarded as a ‘soft spring’ and
SRS curve is linear with slope 27 when f,, - D, is smaller than 1/27 (where fy, is the undamped
natural frequency and D). is the effective impact duration). Hence, shock transmissibility 7’ is equal to

27 fnDe,and T is represented as follows i,

_ PRA,,
" PIA

=271 fo - De, (1.6)

Wy = 27 - [y, V.= D, - PIA, D, =2D/m,

where PRA is PRA of the controlled shock test, V.. is the velocity change recorded on the shock table
and D is the impact duration.

—] A 2.0
/Input pulse 15

k = 1.0 |-
RJesponse pulse 05
H N
Subjected by an extremely 0 05 10 15 20
short half-sine pulse t f-D,
@ (b) ©

Figure 1-19 SRS for Linear model.
(a) Dynamic model, (b) Input and response pulses, (c) SRS curve.

D) Equivalent free-fall height

...............

Product

V4 — V, =/ —H

—

¥ =

= ~VYelocity Change

V; \
| L

Equivalent Free-fall Height

4 =) )

Free fall test Controlled shock test

Figure 1-20 Schematic of Equivalent Free-fall Height.
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JIS Z 0240 (the contents enclosed by the dashed rectangle in Figure 1-17) recommends that drop tests
be conducted as the so-called ‘equivalent free-fall height’. The equivalent free-fall height is defined as the
height for which the impact velocity of the free fall test equals the velocity change of the controlled shock
test (Figure 1-20). This recommendation assumes that the cushioning materials can be modeled as the
Linear model of Figure 1-18. If this assumption holds, then the test at free fall and controlled shock test are
equivalent.

E) Traditional equivalent drop theory

Comparing Egs. (1.5) and (1.7), if V' = V.. when the test at free fall and the controlled shock test are
performed, the PRAs of these two tests should be theoretically same. In other words, the two tests can be
concluded to be equivalent. This idea forms the basis of the traditional equivalent drop theory and is
hereafter abbreviated as the ‘traditional theory’ (Figure 1-21).

Test at free fall Controlled shock test
PRA =o'V PRA =o V.
V="
PRA, =PRA

Figure 1-21  Schematic of the Traditional Equivalent Drop Theory.

1.7.4 Damping equivalent drop theory

A) VD model

Although Linear model is mathematically convenient, no completely linear cushioning materials exist
in practice. Therefore, researchers have developed the viscous damping (VD) model, which incorporates
the effects of attenuation (Figure 1-22). Here the cushioning material is assumed to obey a
one-dimensional attenuation model.

Product
roduc Mass

=) T

k c
SCM Spring Dashpot

Figure 1-22 VD Model.
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B) Test at free fall
The damping model is based on the following differential equation of motion:

mi +{z + kx =0,

where & is the damping ratio.
After solving Eq. (1.8), PRAyis obtained as follows:

PRAg =ng -w, -V,
262 — 1

—7T£
Ji—a| P (2 152) ’

where 7 is the correction coefficient of the test at free fall.

’I’Lﬁ’:

C) Controlled shock test

(1.8)

(19)

(1.10)

In the shock test, the PRA of the VD model initially accelerated by a half-sine wave can be obtained
theoretically (Figure 1-23). Subsequently, 7’ can be calculated from the input and response accelerations.

— A 2.0
m /Input pulse 15
1l
k ¢ " 1.0 1+
Rlesponse pulse 05
Subj jl Tbt I tremel °
ubjected by an extremely ; >
short half-sine pulse \/t
(a) (b)

Figure 1-23 SRS for VD Model.

(a) Dynamic model, (b) Input and response pulses, (c) SRS curve.

In Section 1.7.3, the SRS curve is assumed to be line with slope 27 through the origin. However, by

introducing &, T;. is expressed as follows: ™

DL g(t) when Z(#)max 1s in range 0 <t < D

a- (§(t)+ §(t — D)) when &(t)max is in range ¢ > D !

(2a2w2 — da?w?e? — 2w4) sin (w 1- Ezt) + daw?€4/1 — € cos (w\/l - {215)
S(h) —
4 2wy/T — €2 [wh + (462 — 2) a2€2 + af]

(4a?w?€? + w' — a*w?) sin (at) — 2a’wE cos (al)
afw? + (462 — 2) a®w? + af]

where
a=m7/Ty,

Z(t)max is the PRA function and 7} is the initial impact duration.
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This equation determines a new SRS (Figure 1-23(c)). The form of the SRS curve depends on the value
of &.Thus, defining n.s as the ratio of 7). to the approximation of the shock transmissibility 27 fy, D,
estimated from the traditional equivalent drop theory, we obtain

1y

Nes = 5 f. D, (1.12)
From which PRA is obtained as follows:
PRAC.S = Npg - Wp - ‘/(:7 (113)

where 7.5 is the correction coefficient of the controlled shock test.

D) Damping equivalent drop theory

From the preceding discussion, it is clear that a correction is required if the results of the test at free fall
and controlled shock test are equivalent under the attenuation model. This so-called “correction coefficient’
is expressed as follows:

Vv, = Zﬁ’ V or (1.14)
v ="y, (L15)
ng

This theory is called the damping equivalent drop theory and is hereafter abbreviated as the ‘damping
theory’ (Figure 1-24).

Test at free fall Controlled shock test
PRA, =n, o,V PRA =n_-o V,
PRA. =PRA_
cs or nff
V_nﬁvc V°_”csv

Figure 1-24 Schematic of the Damping Equivalent Drop Theory.

1.8 Digital Simulation Methods and MapleSim

MapleSim (Maplesoft Inc., Canada) is a physical modeling tool founded on symbolic computation
technology. It is widely used in engineering field such as automobile manufacturing and aerospace™ and
is a suitable choice for packaging engineering. Because MapleSim is based on Maple, it can vastly reduce
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the model development time and provides an extensive range of analytical tools for greater insight into
engineering systems.

1.8.1 Simulation in MapleSim

Simulations are performed in MapleSim as follows (the MapleSim window is shown in Figure 1-25)""",
1. A physical model is constructed from built-in or custom components.
2. Appropriate parameters are set for each component.
3. The model is simulated by pressing the button labeled ‘simulate the model’. The obtained simulation
results are shown in Figure 1-25(b).

1.8.2 Components used in this study

One features of MapleSim is drag-and-drop physical modeling environment. With MapleSim, users
avoid having to translate their design into equations and manipulate them into signal-flow block diagrams.
Users can simply recreate the system diagram on their screen using components that represent the physical
model. The MapleSim component library contains over 500 components that are divided into 1-D
mechanical, electrical, hydraulic, magnetic, multibody mechanical, signal blocks and thermal.

The components, those belong to 1-D mechanical and signal blocks, used in this study are as follows ™"

®  Sliding mass component
o

This component models sliding mass with inertia and two rigidly connected flanges, without friction. The
sliding mass has the length, L, and the position coordinate, s, is in the middle.

® Translational fixed component

E,_ﬂmgeb

This component models the flange of a one-dimensional translational mechanical system fixed at position,
50, in the housing. This component can be used to connect a compliant element (e.g., a spring or damper)
between a sliding mass and the housing, or to fix a rigid element (e.g., a sliding mass) at a specific position.

®  Spring component
flange
rvew=l

—

This component models a linear one-dimensional translational spring. Its governing equations are
f = (Srel - Srel[J); Srel = Sb — Sa,

f:fln .f(L+fb:0.

®  Damp-spring component

flange
e
This component comprises the spring and damper components connected in parallel. Its governing

equations are
f =C- (Srel - Srel(]) +d- Urel,

21-



@ aslcSia & - sKassSorinedmmer . [FK
Bl Bie Vi Wolp - ‘Simulate the model’ button
D2a® ¢ x| b »6

Fraject| Librasisn T B 3l Toapactor | Flots)
EImEE] man> | o
Main
ez sde
- ] i 10 = le
|5t BLacks | Single Mass Spring Damper . b =
P Elsctriend About this medel: In this model, there are two versions of the same mode! of o =
sirgla mass connacied 10 & spring damper. The 10p Moded is crealed usng cassal adactive L ‘_
W 1= Mechaniesl ‘sigril Hiocks while the boltom medel i creaied using acisal bocks from the 1.0 -~
» Btatioml D:hmﬂ paiate. Bamlmulmn-mwurm mass due 1o tha force L 1.010°
pueshing the mass against the sping damgnr.
W Trmaslationd 1 ﬂll'r
¥ Conan Lo
jpiot points 300
Bl ke a compler  taise d
.
Taraion | Lever
Acausal
o o
- L3 = iav3
Traredatonal ru:n;uu -’_ , i |
2l Tandaional 3
Femon  Damper ;I‘ ['2]’— ¢ 3 .
Parameters panel
?7‘5’2‘ F
Tmrantonal | Foe
Fuaex
Modeling area
-
Rod | Seing Mams.
=\ -
|
oy = h g
Eerme e Built-in components
Spring Spring -
Dumper " v
P-Forien Drivers TwTrroTre o T T 5 orer =
B Sensars Integretion time: 26Ems
W Springs wnd Papers Deme simulating (375ms)
W Generating plol data...
e || Staulation coaplete. (3016as) k|

[Broemsse J. BRI X B SO | )

B YN G TEw T — e S——TC )
= FIANNTOY MO RD o=k

(a) AGAIAS) SAUS) DA —2L—LA(L) B(C) MW(A) BIE(M) HAE)
| & ~-+- 1 [V 8@ L HE tux=E |
i Probel: s —— Probed: s -
7 1 /— \

(b) * 0.4‘

03 /
02

0z

ProbeZ s

Probed s
[
i
""“'\--______

n4
0z /

0.t
0 0
0 2 4 é g 10 0 2 a 6 8 10
t t
O TERBECRTID.

Figure 1-25 MapleSim Window and Simulation Results.

(a) MapleSim window and software panels; (b) Simulation results.
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Srel = Sb — Sa, Urel = '—éreh

f =1, fa+ fo=0.

®  Translational acceleration component
i
This component generates a forced one-dimensional acceleration at flange, proportional to the input
signal. The velocity and the position of the flange are determined by the integration of the acceleration.
Its component equations are

) [’m}
a =sig|—|,
52
U = a, $=uv,

v(0) = vy, 5(0) = 5.

®  Time lookup table component
& |-

This component generates an output signal, ¥, by interpolation using time as the input value.

® Probe

Probe

5V, a
A model must contain at least one probe with a set quantity, otherwise the simulation will fail. Adding
probes to a model, we can measure graph and obtain specific information about various quantities, such as
acceleration, velocity, distance and volume, for different components and connections. Probes do not
affect the quantities being measured.

1.8.3 Digital simulation of Linear and VD models

As mentioned above, MapleSim is a widely used simulation tool . However, author found no reported
applications of MapleSim to packaging engineering. Therefore, whether MapleSim can be applied in
packaging research must be verified by a feasibility study. To this end, we used MapleSim to plot
mathematical curves of the Linear and VD models.

A) Linear model

As the simplest basic model, the Linear model is an obvious choice for an initial assessment. For
comparisons with actual test data, the mass was specified as 4 kg and the free fall height 4y was assumed as
60 cm; therefore, the initial velocity of the mass was vy = —3.43 m/s from v, = \/2gh; (note that the
positive direction is vertically upward). The spring constant k£ (denoted ¢ in MapleSim) was set at
10°> N/m. The construction of the Linear model in MapleSim is shown in Figure 1-26.

In terms of parameters &, m and vy, the theoretical response acceleration is

. 2 10° . )
Tmax = Vo[ — = 3.43 x <= 542.33 (m/s*).
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The result of this simulation is shown in Figure 1-27. The curve peaks at 542.329 m/s’, the exact value
of the theoretical response acceleration.
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Figure 1-26 Linear Model in MapleSim.
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Figure 1-27 Simulation Result of Linear Model.
B) VD model

Next, the VD model was constructed in MapleSim, as shown in Figure 1-28. Here m was specified as 4

kg. The spring constant & and damping coefficient ¢ (¢ and d in MapleSim, respectively) were obtained
from experimental data.
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Figure 1-28 VD Model in MapleSim.

Prior to inputting the waveform data to MapleSim, the data were converted to a compatible format. First,
the data obtained from the shock manager were converted to a “*.txt’ file. Next, having determined an
appropriate measuring time, the “*.txt’ file was converted to a “*.csv’ file. Finally, the ‘“*.csv’ file was
imported into MapleSim using the “Time lookup table’ model component (Figure 1-29).

To relate each other in MapleSim —+——

Appropriate measure time was determined

o

=) [ =) T ===

Shock manager * txt file * csv file

- = = = = = = = = = - - - [ Ly

HIECEETFEETTFHG S Sty

Figure 1-29  Flowchart for Importing Actual Waveform into MapleSim.

For the controlled shock test, fn, & and ™ had been experimentally determined, while & and c
were calculated by Egs. (1.16) and (1.17), respectively.

k=m-w?=dmr’f? (1.16)

C & f—
: e 2Vk-m - e=2% " (L.17)

The waveform data were supplied as the input acceleration, and the calculated values of ., k and ¢
were input to the model of Figure 1-28. Figure 1-30 compares the resulting SR curve of the VD model
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with those of previous studies *"'. This figure reveals an exact match between the simulated and theoretical
response curves. Therefore, it can be concluded that packaging engineers can construct mathematical
models and verify them by running simulations in MapleSim, thereby saving considerable time,

improving research efficiency and laying the foundation for further research.
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Figure 1-30 Comparison between Simulated and Experimental SR Results in the VD Model.

1.9 Research Purpose and Method

Aforementioned discussion leads us to the purpose of this study; to improve the efficiency and extend
the applicability of traditional drop testing methods.

This study is based on the equivalent drop theory, which is an important extension of traditional drop
testing. However, the equivalent drop theory in its current form has been shown to deviate from
experimental findings. To correct this inconsistency, we first develop a novel equivalent drop theory based
on a new physical model, from which we deduce the mathematical equations for the test at free fall and
controlled shock test. From these two equations, we then deduce an appropriate correction condition. The
applicability of the new theory to common package materials is assessed in a series of verification tests.

On the basis of the new equivalent drop theory, we propose a new drop testing method, designated as
the hybrid drop test method. This section develops both the experimental and digital simulation methods.
Similar to the verification of the equivalent drop theory, the feasibility of the hybrid drop test is
demonstrated in verification tests.

If successful, this study will accomplish the following objectives.

»  Improve accuracy of package testing.
Establish a theoretical foundation for developing a more precise JIS standard.

>
»  Improve the efficiency of verification testing.
»  Reduce packaging cost.
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1.10 Structure of Dissertation

This dissertation comprises six chapters and an appendix.

Chapter 1 presents the research background, methods and purposes, focusing on two traditional
evaluation testing methods for cushioning material and packaged product. Traditional and damping
equivalent drop theories and digital simulation methods are also described.

Chapter 2 discusses the need for a new equivalent drop theory and then introduces the theoretical
foundations of the friction equivalent drop theory.

In Chapter 3, the feasibility of the friction equivalent drop theory is evaluated in preliminary and more
extensive verification tests. The test materials are two compositionally different paper cushions. By
considering cushioning materials and stress, we prove that the friction equivalent drop theory is applicable
to SCM.

Chapter 4 introduces the hybrid drop test, a novel evaluation testing method based on the friction
equivalent drop theory developed in Chapter 2. The chapter begins with a conceptual overview of the new
testing method, followed by a flowchart. Finally, calculation of the parameters of the FVD model is
explained in detail.

The hybrid drop testing method is verified in Chapter 5, similar to the friction equivalent drop theory in
Chapter 3.

Chapter 6 presents a summary of this dissertation.

Symbols and acronyms used in this dissertation are provided in the Appendix.

The papers realized on the basis of this dissertation are listed below.

1. Chen ZHONG and Katsuhiko SAITO. Equivalent Drop Test Modification for Determination of
Cushioning Performance. Journal of Packaging Science & Technology, Japan. 2010; 19(2): 123—135.

2. Chen ZHONG and Katsuhiko SAITO. Modified Simulated Drop Test for Transmitted Shock
Characteristics of Structural Corrugated Fiberboard. Journal of Applied Packaging Research. 2010;
4(4): 189-201.

3. Chen ZHONG, Katsuhiko SAITO and Kazuaki KAWAGUCHI. Shock Response of
Frictional-viscous Damping Model for Cushioning Package. Journal of Applied Packaging Research.
2011; 5(4): 197-214.

4. Chen ZHONG and Katsuhiko SAITO. Modified Equivalent Drop Test for Structural Corrugated
Fiberboard Cushioning. Journal of Packaging Science & Technology, Japan. 2012;21(4): 281-293.

5. Chen ZHONG and Katsuhiko SAITO. Equivalent Drop Test for Structural Pulp Mould Cushion.
Journal of Applied Packaging Research. 2012; 6(3): 185-201.

6. Chen ZHONG, Katsuhiko SAITO and Kazuaki KAWAGUCHI. Improvement of Equivalent Drop
Theory for Transport Packaging. International Journal of Packaging Technology and Science. 2013;
26(2): 67-81.

7. Chen ZHONG, Katsuhiko SAITO, Kazuaki KAWAGUCHI and Hiroshi SETOUE. The Hybrid Drop
Test. International Journal of Packaging Technology and Science. (Under review)

International conferences
1. Katsuhiko SAITO and Chen ZHONG. Modified Simulated Drop Test for Transmitted Shock
Characteristics of Structural Plastic Foam Cushioning Materials. /7th IAPRI World Conference on
Packaging. Tianjin, China, Oct. 12-15, 2010.
2. Chen ZHONG, Katsuhiko SAITO and Kazuaki KAWAGUCHI. Improvement of Equivalent Drop
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Theory for Transport Packaging. 18th IAPRI World Conference on Packaging. California
Polytechnic State University, San Luis Obispo, California, USA, June 17-21, 2012.

3. Chen ZHONG and Katsuhiko SAITO. Equivalent Drop Test for Structural Corrugated Fiberboard
and Pulp Mould Cushions. 26th IAPRI Symposium on Packaging 2013. VTT Technical Research
Centre of Finland, Espoo, Finland, June 10-13, 2013.
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CHAPTER 2. FRICTION EQUIVALENT DROP
THEORY

2.1 Rational for Developing Friction Equivalent Drop Theory

The equivalent drop theory is an important concept in packaging engineering. Goff et al. """, who
pioneered the theory, demonstrated that shock is correlated with the free fall height. As mentioned in
Section 1.7, the traditional theory predicts that the free fall and controlled shock tests yield identical test
results at a specified drop height. Section 1.5 highlights the importance of controlled shock testing of the
packaged products. Nevertheless, in some instances, the controlled shock tests are precluded by high price
of the machine required to conduct such tests. On the other hand, by adopting the equivalent drop theory,
researchers can substitute the expensive shock machine with much cheaper free fall or compression testers.

As mentioned earlier, the traditional theory is strictly applicable only to products that follow the Linear
model (see Figure 1-18), which excludes all real-time cushioning materials. In this case, the equivalence of
the free fall height is questionable. Saito et al.“**, demonstrated the limits of the Linear model and errors
inherent in the traditional theory. From these insights, they developed the damping theory, as discussed in
Section 1.7.4.

Zhong et al. *** showed that the damping theory can improve the precision of equivalent tests that use a
quasi-linear cushion; i.e. equivalence of free fall height in quasi-linear packaging cushioning systems is
achieved if the system is damped. Wang ez al. """ researched the effect of shock hazard on linear and
nonlinear packaging cushioning systems, but their analysis was limited to the damage boundary curve.
Whether equivalent free-fall height is equivalent in nonlinear packaging cushioning systems such as SCM
remains unexplored.

To solve this contention, a new equivalent drop theory is required. In this chapter, we first propose a
new physical model that considers friction and viscous damping. Next, mathematical equations describing
the free fall and shock responses of the new model are deduced from simulation codes written in Maple
and MapleSim. Finally, we propose a friction equivalent drop theory.

2.2 Preliminary Test

2.2.1 Test equipment and materials

A) Test equipment

The controlled shock and dynamic compression tests were conducted using a shock machine and
dynamic compression tester, respectively (see Section 1.4).

B) Test materials

New cushioning materials are being continuously discovered and applied in packaging engineering.
Nevertheless, paper cushions (such as corrugated boxes) and expanded polyethylene (EPE) remain
popular cushioning materials because they are low cost, exhibit strong cushioning properties and
environmentally friendly. A glance at Table 2-1 will justify this sentiment. This table shows the



proportion of different materials used in packaging and containers in Japan (2011) ™. Paper and
corrugated fiberboard cushions are by far the most widely used packaging materials, comparing 2/3 of all
manufactured packaging materials. Therefore, testing the cushioning characteristics of paper cushions is a

priority.

Table 2-1 Proportion of Materials Manufactured for Packaging and Containers in Japan (2011).

) Outgoing Freight Amount

Package Materials - 3 -
Weight (x 10°Ton) Proportion
Paper - Corrugated board 11,743 62.4 %
Plastic material 3,531 18.7 %
Metal material 1,627 8.6 %
Glass material 1,335 71%
Wood material 597 3.2%
Other - -
Total 18,833 100 %

Figure 2-1 shows a corrugated box commonly used as a cushioning package. In this example, a
corrugated fiberboard is folded into concave and convex shapes that buffer the product from
transport-associated hazards. The compressive strength of the corrugated fiberboard is maximized when
the applied force is parallel to the direction of the flute. We reproduced these cushioning characteristics by
creating a corrugated fiberboard (A-flute with dimension 110 x 110 x 50 (mm)) as the test material after
being folded to form a sleeve cushion, as shown in Figure 2-2.

Figure 2-1 Example of a Common Cushioning Package.

-34-



Unit: mm

Figure 2-2  Structural Corrugated Sleeve in Preliminary Test.

2.2.2 Test conditions

The test at free fall and controlled shock test were performed under the following conditions.

1.
2.

]

As recommended in JIS Z 0240, 300 Hz low-pass filtering was applied.
Test materials were placed in a controlled atmospheric environment at 23°C and a relative humidity of
50 % for 24 hours.

. In both tests, a 4 kg weight dummy was used, and the accelerometer used for measuring the PRA was

fixed in the centre above the weight dummy.

A new sleeve was used for each test.

The equivalent free-fall height # was set at 0.6 m, as recommended in JIS Z 0240.

Data collection: When / = 0.6 m, the impact velocity ¥ was 3.43 m/s using V = 1/2gZ. In the test at
free fall, the drop height was adjusted to ensure that impact velocity ¥ of the weight dummy was 3.43
m/s. In the controlled shock test, an adjusting function in the controlling software!'"! was iterated until
V. on the shock table was 3.43 m/s. For both tests, the data were considered to be effective only when
=343 m/s or V.= 3.43 m/s; 10 data sets were collected for each test.

2.2.3 Test results

The preliminary experimental results are shown in Figure 2-3. The central regions of the shock response

curves output by both tests are trapezoidal rather than parabolic. However, the traditional theory predicts
an output response similar to a half-sine pulse (dashed-dotted line in Figure 2-3) that peaks nearly half way
through the recording. Furthermore, PRA does not match the response curves of either the Linear or VD
model. Therefore, we infer that the current theories are imperfect for measuring the cushioning

performance of SCM, possibly because the physical models themselves are imperfect, leading to offset of
the equivalent free-fall height. A potential defect in the VD model is that viscous damping and linear
spring factors alone are considered. Therefore, developing a new model to explain this newly observed

phenomenon is necessary.
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Figure 2-3 Resullts of Preliminary Experiments.

2.3 New Physical Model—FVD Model

2.3.1 Foundations of the FVD model

This chapter proposes a new mathematical damping model that incorporates friction and viscous
damping. Figure 2-3 indicates the following:
1. No real cushioning materials behaves perfectly elastically; therefore, an attenuation factor is
required.
The results of a previous study **' indicated that softer springs should be used in the new model.
3. The central region of the SCM waveform presents as a jagged curve with no obvious peak; this
result can arise from friction.

Product m
m

=) k

1 ¢

SCM k c F | F,
(a) (b)

Figure 24  Frictional-viscous Damping (FVD) Models.
(a) Original model, (b) Simplified model.

The new model built from the aforementioned analysis is shown as a schematic in Figure 2-4(a). The
system comprises a mass and two linear springs subject to damping and friction. According to the laws of
mechanics ', two springs in series behave as a single spring; therefore, the new model can be simplified
to that shown in Figure 2-4(b). This model is called a frictional-viscous damping (FVD) model.

Note that the spring constant in the simplified model is k = &' /2.
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2.3.2 Rational for two springs
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Figure 2-5 Interpretation of k/2.
(a) Stress—strain curve, (b) Schematic of displacement—force curve

The reason for applying two series-connected springs in the new model is described below. Figure 2-5(a)
shows the stress—strain curves of structural corrugated sleeve (SCS) and EPE obtained from the static
compression test. The curve for EPE is smooth and passes through the origin, while that of the structural
corrugated sleeve increases sharply at 3% strain, then declines slowly and remains approximately constant.
Figure 2-5(a) can be generalized to Figure 2-5(b), where the horizontal and vertical axes represent
displacement and force, respectively, and % is the slope of the line. The shock energies that can be
absorbed by EPE and SCS are delineated by regions ] and E, respectively. To determine % for SCS
that yields the same kgpg, the area of regions E and ! should be equal. Therefore, kscs = kgpp/2 — k. =

k(calmlated) /2.

2.3.3 Types of friction

Friction is the force that resists the relative motion of solid surfaces, fluid layers and material elements
1.

sliding against each other. Friction can be classified as follows"

Rotational Friction

Friction Coulomb Friction

Sliding Friction Viscous Friction
Stribeck Friction
This study considers only Coulomb friction, defined by
2.1

7 ulN -sign(z) >0
T\ F t=0&F, <uN’

where F; is the Coulomb friction, it is the coefficient of friction, NV is the normal force exerted
between surfaces, £, is the force exerted by friction (in the case of equality, the maximum possible

magnitude of this force) and Z is the velocity.
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234 Building of friction component

The friction component is defined in MapleSim on the basis of Eq. (2.1). Here srel(t) and vrel(t) denote
the relative displacement and velocity, respectively. f(¢), @) and f(b) are the forces of the flanges, vt is the
linear-region velocity threshold and sa(?) and sb(¢) are the absolute positions of the flanges. fa(¢), fb(¢) are
defined as the input variables and sa(z ), sb(¢ ) are defined as the output variables (Figure 2-6)"".

Fe. 1 wrell i:l =0 hvrel(1)] > vih P
eg:= |fit) = -1 wrel(t) =0 . srel(t) =sb(t) — sa(t). vrel(t) = a5 srel(t), fit) =fbit), falt) + fb(t) =0
0 [vrel(t)| < vth
[ [1 o< vrel(t) )
Fc| vth < |vrel(t)| d
flo =1 | -1 vrelit) =0 srel(t) =sbit) — salt), Vr‘ei(r)=Esre£(r],f(r) =fBb(1), falt) + fBt) =0

0 [vrel(t)| < vih

params == [Fc= 100, vth=0.0001]
[Fe= 100, vth=0.0001]
Eys == DynamicSystems| DiffEquation]( eg, inputvariable= | fa(t). fb(t) | outputvariable = [sa(t), sb(1)])

Warning, diff-eg is not a polynomial

Diff. Equation
continuous
2 output(s): 2 input(s)
inputvariable = [ fa(t), fb(t) ]
outputvariable = [ sa(t), sb(t) |

Figure 2-6 Definition of Friction Component in Maple.

2.4 Deduction of SR Equation of Test at Free Fall Using FVD Model

As a first step in developing a new equivalent drop theory, we establish the mathematical SR equations
of the free fall and controlled shock tests. On the basis of the FVD model, this section deduces the
mathematical SR equation of the free fall test. The input acceleration pulse is a half-sine wave.

24.1 Calculating period of FVD model

The equation of motion in the FVD model is

mi + ¢t + kx + Fi.sign(#) = 0. (2.2)
Defining

c k 9 -

mo O m k'’

Eq. (2.2) is rewritten as

i + 2ed + w, (z + bsign(z)) = 0. 2.3)
Letting y = x + bsign(i), Eq. (2.3) becomes

4 2ex +wpy = 0. (24)

For y = = + bsign (), we obtain
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jy=i, j=i
Replacing & with 4 and % with g, Eq. (2.4) becomes

§+ 2 + wiy = 0. 2.5)

N Simple harmonic motion

Figure 2-7 Period of FVD Model.

Eg. (2.5) reduces to the VD model when & < 1 (i.e. € < wpy; see Figure 2-7). In this case, the solution to
Eq. (25)is

y =e “(Acos(wat) + Bsin(wat)), (2.6

where wg = wpy/1 — £2.

In terms of the given conditions ¢ = 0, « = 0 and & = vg, ¥ is expressed as follows:

y=xz—b= M0 et sin(wgt). 2.7
Wy

From which & is obtained as follows:

=0 gt sin(wgt) + b. (2.8)
wq

Therefore, the period of the FVD model is expressed as

B 2 27

_ 2.9)

;d—w'rL\/l—SZ.

T
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24.2 Average method

The FVD model is nonlinear because of the Coulomb friction term, and nonlinear systems are
extremely difficult to solve precisely. However, approximate solutions can be obtained in the following

ways [13],[15]

¢ Series expanding method,

Lindstedt—Poicaré method,

Average method,

Multidimensional scaling method, and

Harmonic balance method.
Here we adopt the average method because the other four methods are not applicable to this study. For
example, the harmonic balance is a method used to calculate the steady-state response of nonlinear
differential equations, and is mostly applied to electrical circuits"'**!'”; the Lindstedt-Poincaré method is

often used to weakly nonlinear problems with finite oscillatory solutions .

* & o o

The general form of nonlinear vibration is
i+ wia=ef(n,i).
When e = 0, this equation reduces to linear vibration,
F+wie=0.
Solving this equation yields Eq. (2.10).

x = asin(wpt + @) (2.10)

where @ and ¢ are constants.
If € =£ 0, the solution of nonlinear vibration is

z(t) = a(t)sin (wpt + H(1)), (2.11)

where @ and ¢ are functions of time .
Solving Eq. (2.11), we obtain

27
a(t) = — 27r(jnm ./0 f(a(t) sin ¢, wpa(t) cos qb) cos ¢ do, (2.12)
. 1 27
o(t) = —27rwnma(t)/0 f (a(t) sin ¢, wpa(t) - cos qb) sin ¢ do. (2.13)

In Egs. (2.12) and (2.13), when the nonlinear term is related only to speed (%), we have

Thus, ¢(f) = ¢o,

and Eq. (2.11) can be rewritten as
x(t) = a(t) sin (wnt + <,‘)0) (2.14)

For convenience and without loss of generality, we assume that ¢g = 0, Eq. (2.14) then becomes



x(1) = a(t) sin{wy,t),
and Eq. (2.13) can be rewritten as

1

2mw,m

27
a(t) = — / f (wn(),(t) COS (/)) cos ¢ do. (2.15)
0

243 Mathematical SR equation for test at free fall

A) Outline of deduction

Equation of motion: mi + ¢k + kw + Fesign(i) =0
Equation of displacement: x = 01(t)
Equation of velocity: T = 02(t)
Equation of acceleration: & = 03(t)
Substitute the time when the peak acceleration
is reached
Equation of PRA: PRAgy =& = 03(¢) ‘t
=T

B) Calculation process

The equation of motion of the dynamic compression test is given by
mi + kx + ci + F.sign(x) = 0. (2.16)

By the average method, the equation of motion of the test at free fall is

mi + kx + f(x,2) = 0. (2.17)
Therefore,
fla,d) = ci + Fsign(d) = ¢t + F, ‘%‘ (2.18)

Let a(t) be the amplitude of the response, based on the average method. Then,

1 27
a(t) = — o /o f(wna(t) cos d)) cos ¢ do. (2.19)
Substituting Eq. (2.18) into Eq. (2.19),
1 2 W, 1 o 2m
a(t) = o ( /0 ch cos o do + /() cwy, a(t) cos ¢ cos ¢ d(/)) (2.20)
1 7 5 2
= — (/ Fccosqzﬁdgb—/ F.cosgpdo + F.cos¢do
2rw,m \ Jg x Jaz
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2
—I—/ ¢ wn a(t) cos ¢ cos ¢ d(f))
0

_ ca(l) 2F. 201
- 2m TwWnm 221)
Eq. (2.21) has a global solution
4F, c
(t) = — c _mt C .
a(t) e +e + (2.22)

Substituting initial condition & = Vi (Vo = +/2gh) into Eq. (2.22), the exact solution is obtained as
2mVp - exp(—5=-t) 4F.

t) = — —. .
a(t) c p—— (2.23)
Furthermore, the equation of displacement is given by
x = a(t) sin(wgt), (2.24)
Substituting Eq. (2.23) into Eq. (2.24), we obtain

2mVy - exp(— ot 4F, .
x(t) = —( 0 exp(=git) + ' >Sm(wdt). (2.25)
¢ CTWn
Let
C Fc
— =2 — = h=—
m ST T
Eq. (2.25) is rewritten as
Ve 2bw,
() = — (je_”‘ + wﬂ) sin(wgt). (2.26)
€ TE
Differentiating Eq. (2.26), we get
—et 25
i(t) = Vge “sin(wgt) — (VDG + wn)wd cos(wyt), (227)
€ e
and the second-order differential is
e 2buwy,
(t) = [ — Vpee ™ + < e 20w )wﬂ sin(wgt) + 2Vowg e cos(wyt) (2.28)
€ TE
2 2 Y —et 2b¢ - 2
= [<wd <)Voe 22 wd} sin(wqt) + 2Vowg ¢~ cos(wgt).
€ mwe
The period is defined as
27
T=2" )
o (2.29)

Time ¢ to reach the peak response is expressed as
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; T ™
=7 = —
4

Substituting Eq. (2.30) into Eq. (2.28), we get

(@ NV e(EE) | 2bunw?
€ Te
Letting € =  wy, wqg = wnp/1 — €2, Eq. (2.31) becomes
26° — 1’ 3 2(1 — £2)
exp(————

. -w —_— . -/2
g et e

T (t)max =

5i(t)max = 7T€

The spring constant (derived earlier) is given by &k = ko /2; thus, we obtain

1
wn = —= o, £=V2¢&, b=2bp.

\f
Therefore, Eq. (2.32) is rewritten as
; 11 ¢ VLo
Z(t)max = X\ —F/—— 'Vo-wn—l—i-b-w”.
(Oowe= ¥ ol ) =
Defining

F.
b'wgz—zAF,

T

We obtain the final mathematical equation for the test at free fall PRA as

PRAg = &()max = ug - wn - Vo + g - Ap

:uﬁ'wn"/(]_'_ﬂﬁ"'wn'VF:

where
ug = ‘45? = ‘ exp(-——2 ),
2¢ V2 — 482
_V2(1-2¢%)
:uff - ﬂ'f )
F,
AF — _Cv
m
Ap F.,
V = — =
£ Wn, mwy,
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(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

2.37)

(2.38)

(2.39)

(2.40)



24.4 Mathematical verification

Equation (2.36) can be verified on test data. If Eq. (2.36) is correct, then the calculated results should
approximately match the experimental and simulated results. In this case, given test data w, = 301 Hz,
§ = 0286, F. = 74N and m = 4 kg, Eq. (2.36) yield a PRA; of 64.48 G, while the simulated and
experimental results were 65.50G and 62.40 G, respectively. Thus, Eq. (2.36) is applicable to the test at
free fall.

2.5 Deduction of SR Equation of Controlled Shock Test Using FVD
Model

As mentioned above, the FVD model is a nonlinear system and difficult to solve precisely'"”. Therefore,
approximate solutions to the SR equation of the controlled shock test were obtained by the following
approach. First, the equivalent spring constant k. and equivalent damping coefficient ¢. were
calculated using the equivalent linearization method " Second, on the basis of the equation of motion of
the FVD model that is expressed by %, and ¢e, a mathematical solution to the FVD model was derived
from the Laplace and the inverse Laplace transforms. The calculation procedure is shown as a flowchart in
Figure 2-8.

‘ Movement equation of system ‘ ‘ Input acceleration (Half-sine pulse) ‘

Laplace transformation Laplace transformation

‘ Displacement equation X(s) ‘ [ s space |

inverse Laplace transformation

‘ Displacement equation x(?) ‘ [ # space, to be related with funciong(?) |

‘ SR equation x(?) ‘ [ # space, to be related with funcion g(?) |

| Solve functions g(®) and g(®) | [ key step ]

‘ SR equation of FVD model ‘

Figure 2-8 Deduction Flowchart for SR Equation of Controlled Shock Test.

2.5.1 Equivalent linearization method

To minimize the error in the square integral of the equivalent linearization method in each iteration, an
evaluation function .J is introduced, defined by

2
= T, ) — (Cel "ch
J—/O () — (co + ko)) d6

27

27
_ / (f(x.i))2 8~ 20Ac, | f(2,i) cosfdo
J0O J0
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27
—2Ak, flx,&)sinfdf + TrazAzcg + WAka.
0

Because J is the function that relates to k. and Ce,

1 2T
accordingto 7 = 0, Ke=— / f(Asing, Aa cos 0) sin 6 0,
/ 0
1 2
according to 7% =0, Co=—1 F(Asing, Aa cos 0) cos 0 .
0

The equation of motion of the FVD model is
mi + ¢ + kx 4+ F, sign(2) = Asinat,

where « is the displacement, & is the velocity and & is the acceleration.
Therefore, f(x,2) isexpressed as

flx, &) = ci + ka + Fosign(d) = ci + ka + F %
&

Substituting Eq. (2.45) into Eqs. (2.42) and (2.43), we obtain

4F.
ke:ka Ce:c"—T(ACL’

where @ = /Ty (T} is the initial impact duration).

2.5.2 Calculation process

The equivalent linearization method gives k. and ce as

AF,

ke = k. CC:c—l—WAa,

and the equation of motion of the controlled shock test is expressed as
mE + c.(& — 29) + ke(x — x9) = 0.

Substituting Eq. (2.47) into Eq. (2.48), we get

4F.
mi + (c+ —)(& — dg) + k(z — 20) = 0,

TAa
which is rewritten as
. ¢ 4F. . . k
i+ (E TrmAa)('L — dg) + E(L — 1) = 0.
Defining

4F,.
¢ =2mwe, w?= E, B=_——"
m amAa
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(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)
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Eq. (2.50) becomes

&+ (2wé + B)( + dg) + w?(x — x0) = 0. (2.51)
We now apply the following Laplace transformations:

Llz] = X(s),

L[TO] = XU(S>7

L[z] = sX(s) — z(0),

L[i] = s*X (s) — s2(0) — 4(0).

After Laplace transformation, Eq. (2.51) becomes

52X (5) + 2wEs X (5) — 2wEsXo(s) + BsX(s) — BsXo(s) +w?X(s) — w?Xo(s) =0, (2.52)

with solutions
(2w + B)s + w?
X(s)= - Xo(s).
)= e By rar o) (2:53)
y
0 a X

Figure 2-9 Step Function.

Step function (Figure 2-9) is given by

LUt —a)] = /OOO e st U@t —a)dt

:/ e5t~0dt+/ e St 1de
0 a

O, (2.54)

LU®)] = =. (2.55)

A half-sine input pulse is expressed in terms of the step function as follows:



I T,
o — Ag[sin 2 () — sin 70— T0)

To T, Ut - TO)}

and Llsinat] = a/(s* + a?);
therefore, the Laplace transformation of Eq. (2.56) is

Xo(s) = L[ig] = AQ{L[sin ;—t] + e 105 L[sin ;—t]}

0 0
Let a = 7 /Ty, Eq. (2.57) becomes

7T/T0

Kote) = Aul1+ e
To

Ao(l —Tos
= 7524—(],2(1+C 0%y,

If £(0) =0 and #(0) =0,
L[ig] = s*Xo(s) — sz(0) — 2(0)

= 52Xo(s).
Eq. (2.59) is rewritten as

Substituting Eq. (2.58) into Eq. (2.53),

Aoa

Xols) = 52(s2 4 a?)

(1+e Tos).

Next, substituting Eq. (2.61) into Eq. (2.53),

(2w + B)s + w? Aga(l + e 1o9)

X(S) = 52 T (2w€+B)S+W2 - 52(52 +(l2)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

Second transition theorem and Laplace transformation with higher-order poles are used in the following

contents. In the second transition theorem,
Let f(t) = L™ p(s)],
from which Eq. (2.63) is obtained as

LY e p(s)] = f(t—a) - Ut — a).
Under Laplace transformation, Eq. (2.63) becomes

LIf(t—a)- Ut —a)] = e ™ - o(s).

A Laplace transformation with higher-order poles is expressed as follows.

Defining
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o(s) = LIT0] = 55,

where
D(s) = (s —a1))f(s —a2)(s —az) - (5 — ay).
Thus, Eq. (2.65) may be tenable.

o €12 o €1k 2 3 o Cn
(o) = (s —ap)k + (s —ap)k1 tooT (s —a) + 5 — a9 + 5 — as Tt s+ay,’
(2.65)
where
el = {(S —ap)F- 50(5)}
s—ay
=[5 a)tels)]
S=a)
RE .
(s = 21 [@(8 B (11) . SO(S):| 5:@1’
1 padk! k
k= k—1 {ds/’"'*1 (s —a1)"- go(s)] s=a1
Therefore, the following equation is obtained.
=1 k=2
fi)y = [(:11 &1 + ¢19 =2 4+ -+ clk} et peg et g e®t 4 g, et
k-1 tkflfr dr . . n .
= - — . . af — . oS
S A ) C RS ) (P
(2.66)

Next, applying the second transition theorem and inverse Laplace transformation with higher-order
poles, we obtain the displacement equation of the controlled shock test as follows.

w(t) = Aoalg(t) - U(t) + g(t — To) - U(t — To)]

Aga - [g(t)-(H—g(t—To)-O] t <0
= Aoa - [9(t) + g(t — Tp) - 0] 0<t<Ty

Aga - [g(1) + g(t — To)] To <t
0 t<0
=< Apa - g(t) 0<t<Ty. (2.67)

Aga - [g(t) +g(t —To)] To<t
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The second-order differential is performed for Eq. (2.67), and the acceleration equation of the controlled

shock test is obtained as
0 t<0
Z(t) = ¢ Apa - §(¢) 0<t<Ty. (2.68)

Ava-[g(t) + gt —To)] To <t

Eq. (2.68) implies that solving function ¢(¢) subsequently yields ¢(%). Therefore, ¢(?) is solved by
the following steps.
We apply the Laplace transformation with higher-order poles and define

a+3=—-2wE+B) <0
_ : 2.69)
a-f=w 0<t<Ty
Solving Eq. (2.69), we obtain
a=—(wl+ B/2) +iy/4(w? —w? —wiB) — B%/2 270
B=—(wE+ B/2) —iy/4(w? — w22 — wEB) — B2/2 '
Substituting Eq. (2.70) into Eq. (2.62), gives
X(s) = [(2wé + B)s + w?]Aga
T 82(s —a)(s — B)(s +ia)(s — ia)
=D a2y 2 8 B B @.71)
5 8 s—a s—f s+ic s—iu
where
) _[ (2w + B)s + w? 1 } 1
R P (2wE+ B)s +w? s?4a2ls=0 a2’
d (2wé + B)s 4 w? 1 )
i )
ds\s?2 + 2wE+ B)s+w? s2+a?/ls=0
B (2w€ + B)s + w? }  (2wE+ B)s +w?
2= Ls2(s — B)(s +ia)(s —ia)ls=a  a%(a — B)(a? + a2)’

T (2wé + B)s + w? B (2wé + B)s + w?
= Ls2(s — a)(s? + az)L,B - BB - a)(f? 4 a?)’

B (2w + B)s + w? W ia(2wé + B)

= Ls2(s —a)(s — B)(s — ia)L:—ia - i2a3(a +1a)(8 + ia)’
o (2wé + B)s + w? B w? +ia(2w€ + B)
= Ls2(s —a)(s — B)(s + ia)L:ia - —i2a3(—a +ia) (B +ia)’

Substituting ¢1 — ¢5 into Eq. (2.66), ¢g(¢) is expressed as

-49-



1 (2w€ + B)s + w? (2w + B)s +w? 5

9(t) = a? b0 a?(a— B)(a? + a?) et B%(8 — a)(8? + a?) ¢
2 2 s 00,
12023(;11(12;?612) e —12;&;?;?;5 )+ T @.72)
The second-order derivative of Eq. (2.72) ¢(t) is
. (2wé+ B)a+w? ,,  (wE+ B)B+w? 4
= d® " a@rad
~w? +ia(2wE+ B) iy w? +ia(2wé + B) ot o)

i2a(a +ia)(3 +ia) ¢ i2a(—a +ia)(—f3 + ia)
Because this equation is extremely complex, it is divided into two parts for convenience.

§(t) = Partl + PartlI,

where
2w B 2 A B 2
Pal't I — ( £+ )20(+L; eaL ( .U£+ )2/3+O.2) eﬁl,
(= B)(a? + a?) (B8 —a)(B? +a?)
Part II _ + ‘_w2 + 1(1(2&)/&— + B) e-iat i LUZ + 1@(2&)5 + B) iat
i2a(a +ia) (B + ia) i2a(—a +ia)(—3 + ia)
For PartI:

Defining D = 2w + B, Part I is rewritten as

Da 4 w? ot Dj + w? ot

Partl = (a—,@)(aQ—l—az)e - (a—ﬁ)(52+02)

(Da + w?)(B8% + a?)e™ — (DB + w?)(a? + a2)e5t
(a0 — 3) (a2 + a?)(582 + a?)

(Do + w?)(B% + a®)e™ — (DB + w?)(a? + a?)c?
(a = B)(a? + a?)(8? + a?)

_ —a®(BE 4 a?)e + FHa* + a?)et

(o — B)(a? + a?)(5% + a?) (2.74)
From Eq. (2.70), we obtain
—a? =w?+ Da
{—52 = w?+ D’ 2.75)

Substituting Eq. (2.75) into Eq. (2.74), Part [ becomes
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azﬂgz(eﬁt _ em) + a’2(ﬁ2eﬁ’t _ azeat)

Part [ = :
" (0 = B)(e? + a)(57 + a?)
B o) a? (52 ot
T Q' + (4w + 3 B? + 4wéB — %o?)a? + al]’
where

Q = V4(w? — w2&2 — wEB) — B2,

Because Eq. (2.76) is still complex, its numerator and denominator are solved separately.

For the numerator, we introduce Euler's formula, expressed as

e = cosx +isinx.

Applying this formula, & and 3 are rewritten as

o = [2(*€ + B4 + wEB) — w?] — i(wE + B/2)Q
= F —i(wé+ B/2)Q,

8% = [2(w?€? + B%/4 + weEB) + W2 — i(wé + B/2)Q

— E+i(wé + B/2)Q,

where
E = 2(w*€* + B*/4 + wéB) — w*.
Therefore, the following equations are obtained:

at

(wEtr B 9
e — o (w3t ezt

_ e—(w£+g)L . (COS %t +isin %t),

_ B -ie
Om’:C (w§+2)[,.e iFt

_ e—(w&-i—%ﬂ . (COS %t — 1isin %t),

a2et — e_(wE+B/2)t{[E cos %t + (W€ + B/2)Qsin %IL]

+i[E sin %t — (w& + B/2)Q cos %1‘]}
g2 = e‘(“’E‘LB/Q)t{[E cos %t + (w€ + B/2)Qsin %t]

—i[Esin %t — (w& + B/2)Q cos %t]}
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(2.76)

2.77)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)



et — et — [(cos 975 — isin 915) — (cos 9t + isin Qt)] Lo (wEtgh)t
2 2 2 2
— 2sin 9t o (wetsb)L (2.84)
a?8? = W, (2.85)
B2t — a2e = —i[2E sin %t —2(w€ + B/2)Q cos %1‘)} Lo (WETB/DL (2.86)

Substituting Egs. (2.80)+2.86) into the numerator of Eq. (2.76), we obtain

Numerator of PartT = a282(e” — ™) + a?(5%e” — oe™)
=i2{—wsin gt — a?[Esin %t — (w€ + B/2)Q cos gt]} e~ WEFE/2 (2.87)

Therefore, Part I is expressed as

(){2/32(0,51‘, - C()d) 4 (12(/32()/% o ()szat)

Partl = -
1Q[w? + (4w282 + 582 4 4wEB — 2w?)a? + a]
_ 2{~w'sin St —a*[Esin 3t — (wé + £)Qcos $t]} e
Qlwt + (4w2€? + 5 B? + 4wEB — 2w?)a? + at]
—2(w? + a?E) sin %t—o—QaQ(wf—l- 5)Q cos %t (et B 588
= - C 277, .
Qlw* + (4w?&? + §B? + 4wéB — 2w?)a? + a?] ' 288)
where
Q = /4(w? — w262 — wEB) — B2
For Part II:
—w? +iaD ; w? +iaD ;
Part 11 = - _ e 4 el
i20(a +ia)(8 +ia) i20(—a +1ia)(—f5 + ia)
B —w? +1iaD oiat w? +1iaD Lt
i2a[—a? +ia(a+ 8) + of] 12a]—a? — ia(a + 8) + af]
_ —w? +iaD o-iat w? + iaD piat
i2a[—a? — iaD + w?] i2a[—a® 4+ iaD + w?]
—Y —iat X iat

i2a]Y — a? ¢ T i2a[X — a?] ¢

1 |: Xei(l,t Yeia,t:|
20X —a2 Y -—a2
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1 Xy(eiat 71at) _'_a (Y —iat 7Xeiat)
i2a XY —a?(X+Y)+a*

1 2(w* + a?D?)isinat — 2a?(aDicos at + w?isin at)
i2a w* 4+ a?2D? — 2a%w? + a*

[w? + a?(2w€ + B)? — a?w?]sinat — a®(2wé + B) cos at

- alwt + a?(2w€ + B)? — 2a%w? + o] ’ 2.89)
where
X =iaD +w?
Y = —iaD + w? 290)
Combining Egs. (2.89) and (2.88), () is obtained as
() = —2(w! + a?F)sin 3 9t + 202 (wf + 5)Q cos %t ot
' Qlwt + (w22 + 5 B2 + 4wiB — 2w2)a2 + at]
(wh +a?(2wé + B)? — a*w?]sinat — [a?(2we + B)| cos at 291)

alw! + a?(2w€ + B)? — 2a%w? + a']
Substituting Eq. (2.91) into Eq. (2.68) yields the SR equation of the controlled shock test, expressed as

0 t<0
Aes(t) = #(t) =  Aga- (1) 0<t<Ty, 2.92)
Aga - [ (t) + g(t — To)] To <t

where
T
a=—,
T’
4F,
B—=__"°_
mmAa’

E = 2(%€? + B* /4 + wEB) —

Q= v4(w? — W22 — WEB) —

—2(w* + a?E) sinﬁ%t +2a%(wé + £)Q cos %t
Qlw? + (4w?¢% + 3B? + 4wiB — 2w?)a? + o]

. ef(w£+§)[’

g(t) =

[w4 +a (2U«£ + B) —a vUQ] sin at — [CLS(QUJE 4 B)] cos at
alwt + a?(2wé + B)? — 2a2w? + a] .
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2.5.3 Mathematical SR equation for the controlled shock test

On the basis of Eq. (2.92), we can calculate the peak value of the SR equation, i.e. PRA in the friction
theory. Similar to the damping theory, PRA is expressed as

PRAL‘S = Ues " Wy - ‘/07 (293)
where

T,
Upg = 3D, (2.94)

2.5.4 Mathematical verification

The mathematical solution of the FVVD model reduces to that of the VD model when F. = 0. The SR
equations are of the same form (Eqg. (2.92)), although their g(¢) functions differ. Therefore, the
mathematical solution can be verified by comparing the two ¢§(¢) functions. In other words, if §(¢) of
the new model yields the same solution as that of the established model under the same condition, then the
mathematical solution of the FVVD model is correct and it can be proved.

When F.=0, we obtain the following equations: B =0, E=w?(262—1) and Q =
2w4/1 — £2., Substituting these three parameters into Eq. (2.91), () becomes equal to Eq. (1.11).

2.6 Friction Equivalent Drop Theory

The new correcting conditions can be deduced from the new mathematical equations for the test at free
fall and the controlled shock test.
Comparing Egs. (2.36) and (2.93) and setting

PRAy = PRA,,,

we obtain

ug-wn - VA pg o wn - Vi = tes - wp - Vel (2.95)
Rearranging terms gives

ug -V +pug - Vi = tes - Ve (2.96)

Rearranging Eq. (2.96), the following two correcting conditions are obtained:

Vo= Dy BTy, o 2.97)
UCS UCS

v=toy Ay (2.98)
Uﬁ Uff

From Egs. (2.97) and (2.98), we observe that the test at free fall and controlled shock test are
mathematically equivalent in the FVVD model. This new theory is called the friction equivalent drop theory
and hereafter abbreviated as the “friction theory” (Figure 2-10).
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Figure 2-10 Schematic of the Friction Equivalent Drop Theory.
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CHAPTER 3. VERIFICATION OF FRICTION
EQUIVALENT DROP THEORY

Here we demonstrate the feasibility of the friction equivalent drop theory in a set of preliminary and
more extensive experiments.

3.1 Preliminary Verification

The simple corrugated sleeve mentioned in Section 2.2.1 typifies the majority of SCM cushions.
Therefore, the initial verification experiment is conducted on a corrugated sleeve.

3.1.1 Test equipment and materials

The test equipment and materials were the same as those described in Section 2.2 and will not be
reiterated here.

3.1.2 Test method

The test method is outlined below:
I Perform experiments.
1. Perform controlled shock tests and record the experimental data.
il. Perform the traditional dynamic compression tests and record the experimental data.
iii. Using the correction condition (see Eq. (2.98)), correct V' t0 View.
iv. Finally, repeat the dynamic compression test for V.., and measure the PRA obtained from the
friction theory.

II.  Process and analyse experimental data.
M.  Compare test results and assess the friction theory.

3.1.3 Test conditions

To ensure adequate reliability and comparability of the experimental results, all test conditions described
in Section 2.2 were maintained, except for condition 6—(data collection). For the tests in steps i and ii in
the above section, data collection conformed to the test conditions of Section 2.2; whereas in step iv, /' was
altered from 3.43 m/s to V., by Eq. (2.98).

3.1.4 Correcting method

As is evident from Section 3.1.2, the correction of V' is an important step. Therefore, the correcting
procedure is described in this section. The correcting method of 7 is shown as a flowchart in Figure 3-1.
The process is divided into the following three steps'". (a) The calculation of %g and ftg by simulation,
(b) deduction of F; to calculate Vr and (c) calculation of %.s from traditional controlled shock test
data. Finally, Ve is calculated by Eq. (2.98).
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Figure 3-1 Flowchart for Correcting Method.

The parameters of velocity change V., impact duration of response D, impact duration of input pulse
t, PIA and PRA can be determined from experimental data; V' can be calculated once F. is known,

wy and Wy are functions of ¢.
¢ and F, are calculated as follows.

A) Calculating ¢

In the damping theory, ¢ is calculated using a method called SR analysis.” However, this method is
not applicable to the friction theory because of friction. Therefore, in this study, a new method called

‘shock response simulation’ (SR Sim) was proposed and implemented in MapleSim.
Probel: a

FParameters Probet
-8 504 |
Sei0 0 i = n I a ‘| \
¢ |2311402610° | N - an-| | A
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Figure 3-2 SR Sim for Controlled Shock Test.
(a) Simulation FVD model of the controlled shock test, (b) Simulation resuilt.

* The FVD model for the controlled shock test (Figure 3-2(a)) was constructed in MapleSim. Here an
extremely short duration input pulse was applied to the stationary FVD model.
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* The corresponding parameters were input to the model, and simulations were conducted. The values of
k, m and F,. were calculated ' and remained unchanged, while the value of ¢ changed, yielding
different response curves (Figure 3-2(b)).

» Comparing the peaks of the simulation curves, we record ¢ when the maximum value best matched the
nearest experimental data. Finally, ¢ was calculated as’

C

§= N (3.1
The damping coefficients obtained from the aforementioned method are listed in Table 3-1.
Table 3-1 Calculation of Damping Coefficient €.
Order wy, (H2) k (N/m) ¢ (Ns/m) ¢
1 272.00 295934.6 650 0.299
2 268.51 288395.2 645 0.300
3 273.18 298513.6 650 0.297
4 269.66 290876.0 647 0.300
5 272.00 295934.6 650 0.299
6 267.37 285946.0 635 0.297
7 266.24 283527.8 633 0.297
8 261.80 274155.7 630 0.301
9 262.89 276454.7 630 0.300
10 266.24 283527.8 634 0.298

B) Calculating .

To simulate the shock response in the new model, the friction term must be allocated a specific value.
Coulomb friction is usually calculated by the so-called positive pressure method; however, this approach is
precluded here because of the structure of SCM. Therefore, on the basis of the principle of the
conservation of energy, a hysteresis loop is applied to calculate friction in this study .

Hysteresis is a phenomenon in which a system never return to its original state, even if the external force
is totally conserve. Hysteresis occurs in many materials, e.g. a plastically deformable spring subjected to
forces exceeding its deformation limits and SCMs made from corrugated board. If the displacement of a
system with hysteresis is plotted as a function of applied force, then the resulting curve is in the form of a
loop called a hysteresis loop.

The form of the hysteresis loop depends on the material’s physical properties. For different cushioning
materials, the loops can be divided into three mass—spring—attenuation models, as shown in Figure 3-3. In
this figure, the «- and f-axes represent displacement and force, respectively. Hysteresis loops are shown
for (a) VD model, (b) Coulomb damping model and (c) FVVD model. The energy loss in each model is
determined by the area enclosed by its hysteresis loop.

Therefore, the loss energy in the three models is:

For the VD model,
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@) (b) ©
Figure 3-3 Hysteresis Loops of Three Damping Models.
(a) VD model, (b) Coulomb damping model, (c) FVD model.

E. = 7y W’H,A2; (32)

for the Coulomb damping model,

Ep = 4AF.A; (3.3)
and for the FVVD model,
E, = mcw, A% + 4F. A, (34)

where A is the amplitude of the displacement equation of the system.
If the FVD model is equivalent to the VD model, the equivalent loss energy E., is expressed as

Eey = meeq wn A2, (35)
where Ceq is the equivalent damping coefficient due to the loss energy.

Setting Eq. (3.4) equal to Eq. (3.5), friction F. is obtained as follows:

F. = —(ceg — co) wnA. (3.6)

N

Here ceq can be calculated simulating the VD model in MapleSim using the experimental data.

The calculation process is detailed as follows.

Because friction is a form of attenuation, the FVVD model (Figure 3-4(a)) is equivalent to the VD model
(Figure 3-4(b)). This equivalent model was simulated in MapleSim, where the value of & was calculated
and remained unchanged. Whereas, ¢ was changed. The different curves obtained are shown in Figure
3-4(c). When the maximum of the curve was closest to the nearest experimental data ¢ was recorded as
the equivalent damping coefficient ceq. F. was then calculated as (for example):

Fo="(ceg—co)wn A = % x (537 — 500) x 265 x (12.6 x 1073) = 74 (N),

~| 3
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Figure 34  Procedure for Calculating Coulomb Friction.
(a) FVD model, (b) Equivalent VD model, (c) Simulation result

The calculated friction forces are listed in Table 3-2.

Table 3-2 Calculation of Friction F..

order Ceq (NS/M) Co (Ns/m) wp (Hz) A (mm) Fc (N)
1 705 733 306 11.5 78
2 690 716 299 11.6 70
3 680 710 291 11.4 78
4 650 676 286 11.6 68
5 615 643 288 11.6 74
6 730 758 310 11.8 79
7 710 735 296 11.7 68
8 660 689 288 11.9 79
9 655 684 295 11.5 78
10 695 722 311 11.6 75

C) Calculating V;ew
For convenience, we substitute Egs. (2.37), (2.38), (2.40) and (2.94) into Eq. (2.36) to yield

2 lhes 2v/2 (1 — 2¢%) F,
¢ Em ) M Wy

‘4«52—1‘6}@(_5—’7) oo 57T|4£2__1 exp(——
§ V2 =482 3 N

Finally, inserting all parameters into Eq. (3.7), we obtain the corrected impact velocities V. The results

Vnew = (3 7)

are shown in Table 3-3.
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Table 3-3 Corrected Impact Velocity View.

Order V; (m/s) View (M/S)
1 3.55
2 3.62
3 3.53
4 3.70
5 3.50
6 i 3.50
7 3.66
8 3.87
9 3.54
10 341

3.1.5 Results and discussion

The results of the preliminary and verification experiments are shown in Table 3-4. All data are the
PRAs of each test.

Table 3-4 Comparison of Experimental Results Analyzed by Traditional and Friction Theories.

Traditional theory Friction theory
Order Controlled shock test * Test at free fall ” Test at free fall ©
1 63.30 58.70 59.10
2 62.80 60.00 59.70
3 57.40 56.50 59.90
4 60.50 56.90 60.30
5 62.20 60.00 61.10
6 61.60 5740 61.20
7 56.90 60.70 61.30
8 61.20 57.90 63.10
9 63.20 57.60 58.10
10 63.70 56.80 58.30
Average 61.28 58.25 60.21
0«\\\\\\\\\\\;""’—’==:::::t__________—_;////////t
DiA 3.03 1.07

Unit: G.

-62-



The data in columns a and b are based on the traditional theory, while those in column ¢ are based on
the friction theory.

» For data in column a, according to the definition of the equivalent free-fall height, V. should be
equal to 3.43 m/s. Therefore, the response was recorded only when V. = 3.43 m/s.

> Similarly, the data in column b assume that V' = 3.43 m/s. Again, the response was recorded only
when V' = 3.43mfs.

> For data in column ¢, according to the verification experiment, the response was recorded only when
Vaew Changes to corrected values.

Considering the uniqueness of the sleeve cushion, the correcting effect was evaluated from averages of
three tests. The differences in average (DiA) were also compared. DiA is an important indicator of the
error in the equivalent free-fall height, and it enables the correcting effect of the friction theory to be
directly determined.

The DiA of two tests based on the traditional theory is 3.03, reflecting the significant errors in the
traditional theory. On the other hand, the DiA between the corrected and uncorrected tests at free fall is
1.07. Comparing the two values, we note that the error in the friction equivalent drop theory is reduced to
one-third of that in the standard equivalent drop theory.

3.2 Further Verification

In Section 3.1, we proved the feasibility of the friction theory using a corrugated sleeve as a test material.
However, this conclusion was based on a single material (corrugated fiberboard) and design configuration
(@ corrugated sleeve with the same equivalent free-fall height and weight dummy). Therefore, to
completely verify the model, we must 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. To this end, we conducted further
verification experiment, focusing on the influence of stress and materials.

3.2.1 Test equipment and materials

A) Test equipment
The test equipment was the same as that described in Section 2.2 and will not be reiterated here.

B) Test materials

The test materials comprised the following two cushions: a corrugated sleeve and pulp mould.

On the basis of previously gained knowledge ! and the technical specifications of the test
equipment © ¥ the corrugated sleeve was created by folding a corrugated fiberboard (A-flute,
LB210/MC120/LB210, see Figure 3-5). The dimensions of the sleeve were 180 x180 x 80 (mm). We also
used a simplified pulp mould (208 x 208 (mm)), illustrated in Figure 3-6(a). To ensure a good response
acceleration curve, the appropriate height of the pulp mould was set to 50 mm. The wall thickness of the
pulp mould was 3 mm; the inside surface was very rough, whereas the outer was moderately smooth. The
three-dimensional structure of the pulp mould is shown in Figure 3-6(a), and a cross-section is shown in
Figure 3-6(b).
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Unit: mm

Figure 3-5 Structural Corrugated Sleeve in Verification Test.
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Figure 3-6  Pulp Mould.

(a) Three-dimensional structure, (b) Cross-section.

Weight dummy

12%
4kg

s

Corrugated sleeve cushion

Pulp mould cushion

(@) (b)
Figure 3-7  Weight Dummy.

(a) Coupled to the corrugated sleeve, (b) Coupled to the pulp mould.
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C) Weight dummy

Following NAKAGAWA ", we used nine weight dummies of 4-12 kg, in one kilogram increments.
The length and width of the nine weight dummies were retained constant (i.e. 220 x 220 (mm),
respectively), but their thicknesses varied. Figure 3-7 shows dummies of different weights coupled to the

two test materials.

3.2.2 Test design

A flowchart of the test design is presented in Figure 3-8. The test is broadly divided into data acquisition

and data analysis.

A) Data acquisition

[ 5,6,7,8,9,10, 11
Weight dummy: 4 kg - Weight dummy: 12 k\g
i A\
< Experiment Stepi. Controlled shock test Stepi. Con ]
= ' {
‘g ‘ Step i1. Dynamic compres.s%on test Step ii. Dyn
§ (based on the traditional theory) (ba
' 4
§ Calculation Step iii. Correction of V Step iii. Co
¥
Experiment Step iv. Dynamic compression test Step iv. Dy
i 3 (based on the friction theory) (bas
\y
of } UL I
2| Data process | Experimental data Experimental data
S
C
S
i ¥ S
S | Discussion | Evaluating the corrective effect of the friction theory |

Figure 3-8 Flowchart of Extended Verification Test Procedures.

During the data acquisition stage, the experiment was repeated for nine test dummies of 4-12 kg, The
test method was as follows:

Step I:
Step 1I:

Step I1I:

Step IV:

Perform the controlled shock test and record V. and PRA.

Applying the impact pulse of the controlled shock test in Step I, perform the traditional
dynamic compression test, record V' and PRAg.

Following the correction method shown in Figure 3-1, use the data collected in Steps I and II
to correct the impact velocity V. In some cases, result V... lies outside 3.43 £0.10 m/s.

If Vie. is outside 3.43 £ 0.10 m/s, then repeat the dynamic compression test to measure the
new PRA corresponding to the V0w

The JIS Z 0240 specifies 0.6 m as the usual drop height during transportation. Therefore, H was set to
0.6 m and retained constant in all experiments. The theoretical impact velocity of the mass Vi, was
calculated as 3.43 m/s using Vi, = /2gH. According to the traditional theory, V. = Vi, = 3.43 m/s.
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In earlier studies ™ data were used only if V' or V. = 3.43 m/s in both tests. In this study, to
improve the accuracy of the test results, we relaxed the effective impact velocity V' and effective velocity
change V. t03.43 +0.10 m/s. All data yielding impact velocities within this range were recorded.

B) Data analysis

At the data analysis stage, all experimental data collected during data acquisition were processed. The
corrective effect of the friction theory was evaluated on the two test materials. To ensure the reliability of
the results, we collected 30 sets of data for each of the three tests (Steps I, II and IV) for each test

material .
3.2.3 Variance of friction
As mentioned in Section 3.1.4, F.. is expressed as Eq. (3.6), which can also be expressed as
1FE, T
F.= ZI’L - ’chnA. (3.8)

Furthermore, by substituting wy, = 1/k/m and ¢ = 2V km into Eq. (3.8), we obtain

1E,
F,=-Zn gkA. (3.9)

4 A

(o

Stress

Strain £

Figure 3-9 Complete Nested Hysteresis Loops.

According to the literature***), the friction model yields complete nested hysteresis loops (Figure 3-9).
Therefore, the term £, /A in Eq. (3.9) is constant. Furthermore, because % is also constant, we can
predict from Eq. (3.9) that if increasing the weight dummy causes a large change in A, then F, will
decrease.

From the experimental data of the dynamic compression test using weights of 4-12 kg, we can draw the
hysteresis loops for the corrugated sleeve. the resulting hysteresis loops for 4 kg, 8 kg and 12 kg weight
dummies are shown in Figure 3-10. From this figure, we observe the following:

1. The upper parts of the hysteresis loops are almost identical. The ratio E,/4 is independent of dummy
weights from 4 kg to 12 kg and is approximately 2x10° N.

-66-



2. The displacement values for the weight dummies are A, =~ 7 mm, Ag, =~ 16 mm and 45, =23 mm.
Hence, the parameter 4 increases with weight.

8 kg —» 12 kg —» 4

{
]
~
/
2|0

Force (x103 N)

J

T T
0 5 10 15
Displacement (mm)

25

Figure 3-10 Hysteresis Loops of the Corrugated Sleeve for 4, 8 and12 kg Weight Dummies.

3.2.4 Probability distributions of dGs

An important quantity in this study is the Difference in the PRAs of the two tests (dGs). The dGs
provides a rough estimate of the correction effect in the friction theory, and given by

dGs = PRA(V,) — PRA4()). (3.10)

A) Calculation of dGs

Two types of PRA4(V) exist, corresponding to before and after the correction of V, denoted as
PRA;(Vo1q4) and PRA (Ve ), respectively. Therefore, Eq. (3.10) has the following two cases:

dGs = PRA(V,) — PRA;(Vio); (.11)

dGs = PRA(V,) = PRAG(Vpew)- (3.12)

The dGs values calculated from Eq. (3.11) are presented in Table 3-5. Since the experimental data are
too numerous to display in their entirety, Table 3-5 lists only a representative portion of the data. First, the
test results of both tests are listed in order of increasing V. or V. Second, values of PRA (V) and
PRA(V1q) corresponding to the same value of V', or V' are grouped together (highlighted in blocks of
the same colour). Third, dGs is calculated by Eq. (3.11) for all data within a specified group.

An example of the dGs calculation using Eq. (3.12) is presented in Table 3-6 (for a portion of the data).
First, using the friction theory, we calculate V,.,, from the data of the controlled shock test (block (D).
Block @ shows the results of the dynamic compression test. Listed are the old test results (when V,,, is
within 3.43 £ 0.1 m/s) and the new test results (when V., lies outside 3.43 £ 0.1 m/s) of the dynamic
compression test. Third, PRA (V) corresponding to a special Vye,, and PRAg«(Vyy), for which V
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equals V., are grouped together (blocks with the same colour) and are permuted and combined (block
@). Finally, dGs is calculated by Eq. (3.12) using all data in a group (block @).

Table 3-5 Example of dGs Calculation. I peore, Pulp mould, Dummy: 6 kg.

Dynamic compression test dGs
(Traditional theory)

V. (m/s) PRA (V) (G) V (m/s) PRA (V) (G) V (m/s) PRA (V,)—PRA (V) (G)

3.40 79.1 \\-____

Controlled shock test

3.40 80.1 3.40 73.9 3.40 52
Cs41 T4 34 28 340 6.2
3.42 82.2 3.42 72.9 _
3.43 79.9 \\\ 3.42 73.0 3.42 9.3
3.43 80.0 3.43 76.8 \\\ 3.42 9.2
3.44 80.4 \\\ 3.43 76.9 343 3.1
H H \\ H H H H
[ group 1 group2 [ group 3 group 4 group 5 group 6

Table 3-6 Example of dGs Calculation. I 4., Corrugated Sleeve, Dummy: 6 kg.

Controlled | Corrected || Dynamic compression

shock test | velocity test (Friction theory) Data Arrangement dGs

PRA (V) o | PRA(V ) [[PRA (V) Velocity | dGs
(G) (m/s) (m/s) (&) (m/s)

60.4
64.2 3.51

62.5 3.43

62.4 3.43 3.43 57.2
63.1 3.52 3.55 59.3

60.3 3.50 — £ea
. : Data of PRA (V) when }'=3.43 m/s

B) Graphics of probability distributions of dGs
The probability distribution of dGs was obtained by the following data process.
1. Once all dGs values are calculated, their number is counted and recorded as .
2. The dGs is separated by 1 G increments. For example: if dGs is between 0 G and 3.4 G, it is
separated into the following four bins: 0 <dGs <1, 1 <dGs <2,2 <dGs <3 and 3 <dGs <4 (G).
3. Count and record the number of each dGs, #;, in each bin.
4. Calculate the probability P = n;/N.
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The probability distributions of dGs before and after the correction of the two test materials are plotted
in Figures 3-11 and 3-12. From these plots, we draw the following conclusions.
1. When a light weight dummy is used, dGs is large both before and after the correction.
2. By increasing the dummy weight, dGs reduces gradually.
3. dGs after the correction is more likely to reach 0 G than that before the correction. This behavior
becomes more prominent as the dummy weight increases.
It should be noted that the bar numbers (horizontal axis) for aggregated data differ among the weight
dummies because of the varied deviations under different dummies.
On the basis of 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, at this stage, we cannot quantify
the corrective effect of the friction theory.

3.2.5 Chi-square test

A chi-square test is widely used to decide whether the distribution of a single variable conforms to an
expected distribution such as the normal distribution. Among several versions of the chi-square test,
Pearson’s chi-squared test (%) is well known. This test assesses goodness of fit, homogeneity and
independence. The goodness of fit test establishes whether an observed frequency distribution differs from
a theoretical distribution. The homogeneity test compares the distribution of counts in two or more groups
on the same categorical variable, while independence test assesses whether paired observations on two
variables, expressed in a contingency table, are independent. In this study, the homogeneity test was used
as a qualitative measure of the corrective effect of the friction equivalent drop theory"”.

The chi-square homogeneity test is calculated as follows:
1. State hypotheses (Hy and H,).
2. Find expected values for each cell (V).
3. Compute the chi-squared statistic (y*) given by Eq. (3.13).
2= Z (VI’V_—V’CP)z (3.13)
all cells ep
where V,;, and V,,, rethe observed and expected values, respectively.
4. Determine the critical value of y>(x*") from the y-table based on the degree of freedom (dg) and o
level.
5. Decision: if x> > x**, then reject Hy; otherwise accept it.

The calculation of chi-square homogeneity is demonstrated using the data from graphic 6 in Figure 3-12.
The results are presented in Table 3-7. The observed values are shown in the left column of the table.
Analyzing the experimental data, we found that dGs varies within 0-8 G. Therefore, the column ‘dGs’ is
separated into eight rows. The ‘Before correction’ and ‘ After correction’ entries are the dGs counts.
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Figure 3-11 Probability Distribution of dGs of Corrugated Sleeve for Different Weight Dummies.
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Figure 3-12 Probability Distributions of dGs of Pulp Mould for Different Weight Dummies.
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There are five steps in the calculation process:

1. Determine the hypotheses. The variables are the dGs distribution and results of the friction theory
(before and after correction). Therefore, the hypotheses are defined as
Hy: the distribution of dGs is the same before and after correction;

H,: the distribution of dGs is different before and after correction.

2. Compute the expected counts before and after correction by multiplying the overall before and after
correction proportions by the total counts in each category. For example, 0 < dGs < 1(before correction)
=19 % x37=7;4<dGs <5 (after correction) = 81 % % 49 = 40. The expected values are shown in
the right columns of Table 3-7.

3. Substitute the observed and expected values into Eq. (3.14); y> was calculated as 47.0.

4. Compute »**. The degree of freedom d¢= (number of rows — 1) x (number of columns — 1) = (8 — 1) x
(2 — 1) = 7. The assumed a level is 5 %. From the y-table, we find that for d; =7 and a =35 %,
7 =14.1.

5. Because y° is greater than y**, reject Hy. The distribution of dGs is different between the before and
after correction values.

Similar chi-square tests were performed on the data of the remaining eight dummy weights. The results
are presented in Table 3-8. Evidently, *> > 4** in the tests involving dummies of 6-12 kg, but y* < y**
in the tests involving dummies of 4 and 5 kg. Therefore, the dGs distribution is rendered more significant
by the correction for impact velocity.

Table 3-7 Observed and Expected Values Used in an Example of Chi-square Test.

Observed Value (V,ps) Expected Value (Vo)
dGs (G) Before Afte? Totl Befo?e Aﬂe?
correction correction correction correction
0<dGs<1 4 33 37 7 30
1<dGs<2 3 48 51 10 41
2<dGs<3 1 35 36 7 29
3<dGs<4 7 53 60 11 49
4<dGs<5 15 34 49 9 40
5<dGs<6 21 22 43 8 35
6<dGs<7 3 5 8 2
7<dGs<8 0 2 2 0
Total 54 232 286
Observed distribution 19 % 81 % 100 %

It should be noted that the chi-square tests only proved variations of dGs before and after the correction.
They did not indicate whether the correction resulted in positive or negative changes or the degree to
which the corrective effects change. Therefore, we cannot quantitatively evaluate the effects of the friction
theory based only on the bar charts of the probability distribution of dGs.
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Table 3-8 Results of Chi-square Tests of Homogeneity for Graphics 1-9 in Figure 3-12.

Dummy weight (kg) 4 5 6 7 8 9 10 11 12
de 20 10 10 9 9 7 8 5 8

P 314 18.3 183 16.9 183 14.1 15.5 11.1 155

7 283 17.3 315 30.6 24.5 47.0 68.3 1626 2250

3.2.6 Evaluation of correction effect

A) Data normalization

9 Used 5 kg weight dummy % Used 12 kg weight dummy
804 Dynamiccompreiontes | 80 - Dynamic compresson st
i (before correction) i (before correction)
9, 70 == «= Dynamic com;ression test g 70 = == Dynamic cueressiun test
c 60 (after correction) c 60 (after correction)
-% 50 - % 50 -
§ 40 A E 40 A
© 30 © 30 |
3 20 8 20
< < <] |
10 | 10 |
0 ; - ' : . 0 1 . ; ==
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)

Figure 3-13 Response Accelerations of the Two Tests using 5 kg and 12 kg Weight Dummies.

Figure 3-13 shows response acceleration curves generated by the controlled shock and dynamic
compression tests using 5 kg and 12 kg weight dummies. The PRAs of the same test under different
stresses considerably differ. In other words, because the correction effect is being evaluated on varying
datasets, the test results cannot be directly compared. To enable a direct comparison of the test results, the
influence of varying comparison basis must be removed by data normalization.

To perform data normalization, we first require the true value of the PRA. To this end, we measure both
PRA(V,.) and PRA4V) and determine which type represents the true value of the PRA. According to
the aforementioned test method, when 4 = 0.6 m, Vi, = 3.43 m/s. Therefore, the PRA when
V'=3.43 m/s under the dynamic compression test, PRA#(V_3 43), must be the true value. In fact,
several PRA(V_3 43) measurements were obtained during the dynamic compression test. Therefore, for
data normalization, we compute the average PRA (V=3 43).

The data normalization equation I' is defined as

> (PRA(Ve) — PRA4 (V)

I'= R — (3.15)
PRAy(V_343)
To accommodate both types of Agma (V), Eq. (3.15) is divided into the following two equations:
PRA (V) — PRAg(V,
P — 24 o) (Vo)) (3.16)

PRAg(V_343)
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>on (PRA(Ve) — PRAf (View))
PRA(V_3.43) '

Here PRA (V) is the PRA of the controlled shock test for a specified V., (e.g. V. =3.45 m/s), While
PRA(Vo1q) 1s the PRA of the dynamic compression test based on the traditional theory when V' is equal
to the aforementioned V. (ie. V' =3.45 my/s). Similarly, PRAy(V;ey) is the PRA of the dynamic
compression test based on the friction theory when V' = V., (i.€. View is calculated for V. =3.45 m/s based
on the friction theory, using the data obtained from the controlled shock test).

Fafter — (317)

B) Correction indicator

If the PRA data alone are considered in each test, Figure 3-13 can be generalized to Figure 3-14. After
data normalization, Figure 3-14(b) is the result of applying data normalization on Figure 3-14(a). Using a
parameter I', we can compare the correction effect under different stresses. However, the correction effect
cannot be evaluated as [y — [aier, because, as seen in Figure 3-14(b), the errors vary widely when
different weight dummies are used.

Therefore, we propose a new correction indicator A, defined as
A = Tbetore = Latter 5007 (3.18)

1—‘bcforo
This quantity represents the degree to which the friction theory can improve the equivalent precision of the
two tests, compared to the uncorrected results. A larger value indicates a better corrective effect.

Figure 3-14(c) is the result of applying the correction indicator A to Figure 3-14(b).

} — © A )
% ] 5k ?km_vv'htd "
g eight dummy
5 kg 12 kg Weight dummy
I Controlled shock test ‘ (C)
1 Dynamic compression test (before correction) < _ -
XY Dynamic compression test (after correction) g a3 I EQ -+
Error of equivalent accuracy (before correction) m -
~— Error of equivalent accuracy (after correction) 5 kg 12 kg Welght dummy

Figure 3-14 Schematic of Correction Indicator.

3.2.7 Discussion

The statistical analyses of the corrugated sleeve and pulp mould cushions are summarized in Table 3-9.
Columns (D and @ contain the dummy weights and the average PRA(V_3 43), respectively. Column (3)
shows the average dGs. The data in column (@ are the standard deviations of the dGs. The data in
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column (® are the correction indicator A. Figures 3-15-3-22 provide an intuitive visual interpretation of
the tabulated analyses.

On the basis of these data, we conclude the following conclusions:

1. The PRA of the dynamic compression test decreases as the dummy weight increases. From the
equivalent drop theory, the same trend is expected in the controlled shock test.

2. For the corrugated sleeve, the standard deviations of dGs before and after the correction decrease
with increasing dummy weight. Standard deviations of dGs are reduced after the correction. For the
pulp mould, the standard deviations of the dGs trend to decrease with the increase of the weight
dummy. For both cushions, the average deviation in the dGs behaves similarly to the standard
deviation.

3. For the corrugated sleeve, the corrective effect imparted to weight dummies of 4 kg and 5 kg is
approximately 20 %, increasing to approximately 80 % at a 12 kg dummy weight. For the pulp
mould, a similar corrective effect (20 %) is imparted to the 4-6 kg dummies, increasing to 60 % at a
12 kg dummy weight. Together with the cushion curves (Figures 3-15 and 3-19), we conclude that
the corrective effect becomes more significant toward to the lowest point of the cushion curve.

Table 39 Experimental Results of Corrugated Sleeve and Pulp Mould Cushions.
@ (kg) @ (G) ©© A ®
before @ after® before after

4 80.3 10.55 8.04 3.18 3.85 23.80 %
o 5 67.0 8.76 6.62 3.57 3.55 24.41 %
§ 6 57.2 5.02 3.00 2.50 2.40 40.34 %
z 7 50.0 3.33 1.64 1.66 2.08 50.77 %
% 8 45.0 2.37 1.00 1.64 1.85 57.89 %
o 9 40.5 2.20 0.68 2.75 2.10 69.01 %
5 10 36.8 1.96 0.53 0.98 1.12 72.81 %
© 1 34.5 0.84 0.17 1.87 1.54 80.30 %

12 30.4 0.40 0.06 2.46 2.14 84.73 %

4 106.5 6.27 491 5.46 4.10 21.82%

5 86.1 4.38 3.37 2.37 2.36 23.17%

- 6 78.0 4.82 3.66 2.53 2.31 23.97 %
3 7 65.8 3.96 2.81 2.18 1.96 29.07 %
E_ 8 58.2 3.04 2.12 2.02 1.78 30.16 %
E 9 52.4 3.04 2.48 1.49 1.63 36.88 %

10 47.4 3.63 1.93 1.80 1.56 46.74 %

11 44.5 3.04 1.47 1.43 1.05 51.59 %

12 38.7 542 2.26 1.26 1.14 58.27 %
@ Dummy weights.
@ Average PRA of the dynamic compression test when /'=3.43 nvs.
@ Average dGs.
@ Standard deviations of dGs.
® Correction indicator A (a larger value indicates better corrective effect).

a

b

Before correction using the friction theory.
After correction using the friction theory.
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Figure 3-15  Cushion Curve for Corrugated Sleeve.
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Figure 3-16  Friction Curve for Corrugated Sleeve.
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Figure 3-17 Standard Deviations of dGs Curves for Corrugated Sleeve.
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Figure 3-18 Correction Indicator Curve for Corrugated Sleeve.
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Figure 3-20 Friction Curve for Pulp Mould.
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Figure 3-21  Standard Deviations of dGs Curves for Pulp Mould.
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Figure 3-22 Correction Indicator Curve for Pulp Mould.
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CHAPTER 4. THE HYBRID DROP TEST

4.1 Introduction

During transit from manufacturers to consumers, products are vulnerable to shock and vibration hazards.
Shock hazards are greatly reduced by cushion packaging. Several technical assessments can be used to
verify the cushioning performance of a package (e.g. the cushion curve or damage boundary curve) .
Generally, a drop test is indispensable to achieve technical assessments. Traditionally, a well-known free
fall test and a controlled shock test methods are used, as mentioned in Sections 1.4 and 1.5.

Generally, traditional drop testing methods are applied to determine whether the PRA is within the
desired range and product is likely to be damaged (i.e. whether the cushioning provides sufficient
protection). However, the test dummy will be damaged with high probability under traditional testing
methods. Damage must be avoided when the product is very valuable or in limited supply. For example,
Figure 4-1 shows a printer encased in a cushioning package. Unrestrained traditional drop tests on such a
valuable product should never be attempted.

Product (printer)

* Pulp mould cushions
Corrugated box

Figure 4-1 Example of a High-value Package.

In addition to physical test methods, such as the free fall and controlled shock tests, a number of widely
used simulation methods, such as ANSYS® ", LS-DYNA®" and MSC Nastran™ !, are available. In
general, a digital simulation proceeds as follows. First, the physical characteristics of the cushioning
material are evaluated in preliminary tests. The data derived from these tests are converted to native
parameters that can be used by the simulation software, and the simulation is run. Although the cushioning
performance of the transport packaging can often be verified without repeated testing, digital simulation is
particularly advantageous if repeat tests are necessary.

Simulation methods are perfectly adequate in many engineering applications, but they are insufficient
for transport packaging because of the physical characteristics of the cushioning materials. Two common
cushioning materials in packaging construction are paper and plastic, both of which exhibit nonlinear
characteristics. The physical characteristics of such nonlinear materials are difficult to determine with
sufficient accuracy to satisfy the requirements of a simulation method.
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Packaging design and testing regulations are often specified. On the basis of the design requirements,
the drop height is established as 80 cm. At this height, however, the damage boundary of the product is
approached. Since our product must absolutely not be damaged during the verification test, the traditional
free fall and controlled shock test methods are precluded, and an alternative evaluation method is sought.

4.2 Concept of New Testing Method

For example: Target drop height(e.g. 80 cm)— Damage boundary ?
Safety drop height(e.g. 30 cm) — Safety assurance V

Experimental data of safety drop height I

Traditional drop test [:::j Digital simulation

Prﬁct

Figure 4-2 Conceptual Graphic of Proposed Testing Method.

The proposed method will protect fragile products as follows. First, we assume that a drop height H of
30cm is safe on the basis of experience. Second, given that an 80cm target drop height is dangerous, a
drop test is performed at the safer drop height of 30cm. Finally, using a digital simulation, we try to predict
results for an 80 cm target drop height on the basis of data from a 30 cm safety drop height. If the attempt is
successful, the issues outlined in the previous section are circumvented. A conceptual graphic of the new
testing method is shown in Figure 4-2.

4.3 Hybrid Drop Test

As explained above, the proposed method combines traditional drop testing and simulation methods. By
contrast to the free fall and controlled shock testing methods, this new method is called ‘the hybrid drop
testing method’. The hybrid drop testing method predicts the PRA generated by the designed conditions or
higher drop heights from the results of a single low-height drop test. This method provides packaging
researchers with an alternative means of testing their design, ensures the safety of the test product and
improves test efficiency.
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Figure 4-3 The Hybrid Drop Testing Method.

-83-



The hybrid drop test is illustrated in Figure 4-3. Centered on the FVD model, the method has
the following four stages.
» Stage [: Experimental stage.
i. Determine the target and safety drop heights according to the design requirements.
ii. Using a packaged product, implement the controlled shock test at the safety drop
height. Record input and response pulse data.
iii. Perform the controlled shock test to obtain an input pulse for the target drop height.
»  Stage II: Parameter calculation and data transform stage.
1. Calculate parameters m, k, F. and ¢ of the FVD model from the experimental data.
»  Stage III: Digital simulation stage.
i. Build a simulation FVD model in the simulation software.
ii. Input parameters m, k, F. and ¢ and the input pulse of the target drop height to the
simulation FVD model. Run the simulation.
» Stage IV: Prediction stage.
i. From the PRA of the simulation results PRA;,,, predict the PRA for the target drop
height PRA rger.
The details of each stage in the hybrid drop testing method are given in the following
subsection.

4.4 Experimental Stage

Two controlled shock tests are required at the experimental stage. The two tests differ in drop
height, whether they involve packaged product and recorded data.

4.4.1 First controlled shock test

The first controlled shock test is performed at the safety drop height. This test obtains data for
calculating the parameters of the FVD model. In the first controlled shock test, the product is
safe because the safety drop height is assured. The test method is conducted in the following
steps.

1 Determine the safety drop height and raise the shock table to this level.

2 Fix the packaged product to the shock table.

3 Simultaneously release the package and shock table, and record the experimental data (e.g.
input acceleration, response acceleration and impact duration).

4.4.2 Second controlled shock test

The second controlled shock test is performed at the target drop height. This test obtains the
input pulse at the target drop height without requiring the product. The test method is conducted
as follows.

1  Determine the target drop height and raise the shock table to this level.
2 Release the shock table and record the input pulse.

4.5 Calculating Parameters and Data Transform Stage

Calculation of the parameters m, k, F. and ¢ is a key step in the hybrid drop test. The
calculations of k, F, and ¢ are complicated and shown in Figure 4-4.

4.5.1 Calculating m

Mass m is weighed directly.

-84-



H: Drop height Cy C,» € 1 Damping coefficient t: Duration of response
h: Equivalent free-fall height F.: Coulomb friction g : Gravitational acceleration
V' Impact velocity &, ¢ Damping ratio PRA: Peak response acceleration
V .- Corrected impact velocity f.: Natural frequency PIA: Peak input acceleration
m: Mass k : Spring constant w, : Natural angular frequency SR : Shock response
D, D: Duration A : Displacement VD : Viscous damp
Controlled shock test, safety drop height, using packaged product.
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* This equation is Eq. (3.7).

Figure 4-4 Schematic of Calculation of k, F; and c.
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4.5.2 Calculating k£

From the vibrational theory ), k is expressed as ®,, = /k/m. The FVD model is the damping
system, whose natural angular frequency w, is given by '

w;=w, |1— &2, 4.1)

Since the value of ¢ is unknown, k cannot be explicitly determined from w,. However, Eq. (4.1)
can be rewritten as

Qepror =— = |1 = 62- 4.2)

The relationship between Q. and ¢ is shown in Table 4-1.

Table 4-1 Relationship between Q. and .

¢ Qerror
0.1 0.9950
0.2 0.9798
0.3 0.9539
0.4 0.9165
0.5 0.8660

We observe that Q.. is smaller than 0.9 when £ is smaller than 0.4. That is, @, approximates
w, when & < 0.4. In this study, ¢ was calculated as 0.2 £ 0.03. Thus, £ can be approximated in
terms of substituting w, for w,. The method is described as follows. From the experimental data,
we obtain the response curve of the product and read the duration of the response . We then
calculate f, from f = 1/(2¢) to yield w,=2n f, and k = maw3.

4.5.3 Calculating F.
As mentioned in Section 3.1.4, friction F is given by Eq. (3.6).

A) Calculating ¢y and 4

The input pulse on the shock table is determined from the experimental data. The input pulse
curve is used in the SR analysis. Here the damping rate ¢ is varied from 0 to 1 while f,, is fixed
at its calculated value. From the varying SR analysis results, we directly obtain the PRA of the
SR analysis (PRAggr) and the value of A (Figure 4-5). The experimental PRA (PRA,) is
known from the experimental data. Next, we compare PRAgr with PRA, and record the ¢ and
A when PRAgR is closest to PRA.,,. The damping coefficient ¢, is then calculated as ¢y, =

2&km.

-86-



Acc. G ™ Analysis tools 119G  209mr  752Hz 080 119G -03G 958G -116G ) (fartan)
250 -3
200 24
i Inpult pulse 8
100 Y 9R pulse _1:2

0 175 By
0 /. \\v‘>% 0
-50 N\ 06
- .
-100 \ A 1.2
-150 \; F)icpl cemen Inulcp 18
-200 24
-250 8
0 Time (ms) 25

Figure 4-5 Screenshot of SR Analysis Results.

B) Calculating c,,

The equivalent damping coefficient Ceq is determined by the SR Sim method ). The VD
model is constructed in MapleSim. The corresponding parameters are input, and the simulations
are run. The values of m and k are calculated beforehand and remain fixed, while ¢ is varied,
yielding a range of curves. When the PRA;, of a curve is closest to PRA.,, Ceq is recorded.

4.5.4 Calculating c

Table 4-2 Comparison between V and V..

No h (cm) ¢ (Ns/m)" V (m/s)? Voew (M/s)* Voew = V (M/s)
1 1150 1.24 —0.16
2 1200 1.64 0.24
3 10 1100 1.40 1.26 —-0.14
4 1200 1.70 0.30
5 1150 1.54 0.14
1 1200 1.65 —-0.33
2 1250 2.25 0.27
3 20 1200 1.97 2.18 0.20
4 1200 2.25 0.27
5 1150 1.98 0.00
1 1300 2.83 0.41
2 1250 2.77 0.34
3 30 1250 2.42 2.71 0.29
4 1300 2.79 0.37
5 1250 2.63 0.21

"'Using SR Sim method mentioned in Section 3.1.4.

? Calculated by V' = ,/2gh.
3 Calculated by Eq. (2.98).
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Applying the friction theory, c is initially calculated using the SR Sim method mentioned in
Section 3.1.4 (see ‘calculating &’). However, this process is time consuming, because many
iterations of the simulations may be required to find a suitable value of ¢. Table 4-2 shows how
Voew COMpares with V. Here ¥ is a theoretical velocity calculated by ¥ = ,/2gh, c is calculated
using aforementioned SR Sim method and V., is calculated by Eq. (2.98). According to Table
4-2, after a large number of experiments, the error between 7V and Ve, is within £0.5 m/s.
Therefore, Vi is approximately equal to the impact velocity V. Therefore, we propose an
approximation method that calculates ¢ more efficiently than the SR Sim method. The
approximation method is outlined below.

1. Calculate by V = \/2gh.

2. Let V=Eq. (2.98).

3. Importing all parameters into the equation obtained in the above step, c is readily calculated
using common mathematical software (such as Excel).

4.5.5 Data transformation

Data transformation is presented in Figure 1-29 of Section 1.8.3 and will not be reiterated
here.

4.6 Digital Simulation Stage

4.6.1 Simulation method

Once all parameters are calculated and the data are reformatted, digital simulation is
performed in MapleSim. The simulation method is as follows .
1 Construct a simulation FVD model in MapleSim.
2 Input parameters of the FVD model and the input pulse of the target drop height, obtained
as described in Section 4.5, into the simulation FVD model.
3 Run the simulation.

4.6.2 Simulation FVD model

The mathematical F\VD model shown in Figure 2-4 (Section 2.3) is constructed in MapleSim.
The simulation FVD model is presented in Figure 4-6. The parameters for the model are
calculated as described in Sections 4.5.1, 45.2, 45.3 and 4.5.4, and they are input to
components 1, 2 and 3. The input pulse data, transformed as described in Section 4.5.5, are
input to component 5. The parameter settings for all components are shown at the top of Figure
4-6.

Notice that the spring constant k& = k' /2 is applied because the simulation FVD model treat
the two-spring mathematical FVD model as a single spring for simplicity (Please refer to
Section 2.3.1).
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Figure 4-6 Simulation FVD Model and Its Parameters.
(In MapleSim, spring constant ‘K’ and damping coefficient ‘c’ are represented by ‘c’ and ‘d’,

4.6.3 Simulation result

The simulation is run after clicking the ‘Simulate the model’ button (Figure 1-25(a)). A
simulation result, measured by the ‘probe’ component shown in Figure 4-6, is provided in
Figure 4-7. This figure is an acceleration—time curve, from which the peak of the simulation
result PRAgy, is easily obtained.
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Figure 4-7 Screenshot of Simulation Result.
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4.7 Prediction Stage

The final purpose of the hybrid drop test is to predict the PRA of the target drop height
PRArger. Once PRAG, 1s known, PRA is immediately determined from the definition
PRA arget = PRAGiy 1n the hybrid drop testing method.
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CHAPTER 5. VERIFICATION OF THE HYBRID
DROP TEST

5.1 Test Equipment and Dummy

5.1.1 Test equipment

The shock machine for performing the controlled shock test, and the shock manager for
measuring the experimental data, have been described in Sections 1.5.2 and 1.3, respectively,
and will not be reiterated here.

5.1.2 Test dummy

The verification test product was a printer shown in Figure 5-1. Its dimension and weight are
358 x 262 x 238 (mm) and 7.0 kg (unevenly distributed), respectively.

Figure 5-1 Real product Used in Verification Test.

We constructed a mockup that conformed to the printer specifications (Figure 5-2(a)). The
cushioning material was an edge-coupling pulp mould """ ¥ (Figure 5-2(b)). The pulp mould
cushions were designed such that the PRA of the printer was smaller than 150 G at a drop
height of 80 cm.

ar

175 mm /

Figure 5-2 Mockup and Cushions.
(a) Inner structure of mockup, (b) Edge-coupling pulp mould cushions.

91-



The mockup and the pulp mould cushions comprised the test dummy in this study. Figure 5-3
shows the test dummy affixed to the shock table.

Mockup

Shock table

Pulp mould cushi
Figure 5-3 Test Dummy Affixed on the Shock Table.
5.2 Test Method
Mockup
Shock table
™ Pulp mould cushions

Controller

— Data collection unit

Figure 5-4 Controlled Shock Test for Verification.
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Figure 5-4 illustrates the verification test. Experiments were performed as follows.
A traditional controlled shock test was performed.
The equivalent free-fall height 4 was set to 10, 20, 30, 40, 50, 60, 70 and 80 (cm).
3. Five consecutive experiments were performed at each equivalent free-fall height. Input and
response pulse data were recorded.
4. New pulp mould cushions were used for each test.
5. The response data of the mockup was measured by an accelerometer, fixed to an iron plate
near the centre of gravity of the mockup (Figure 5-2(a)).

N —

5.3 Test Results

Figure 5-5(a) displays the input and response curves of the mockup, and Figure 5-5(b) is a
photograph of a single pulp mould cushion. The several wavelets in the response curve are due
to the varying height structure of the cushions. Each wavelet in the response curve results from
the mockup impacting the buffer facets at different levels. Therefore, the response curve of
Figure 5-5(a) is obtained as the mockup gradually impacts all buffer facets at different heights.

Acc. G [~ Analysis tools
560
490
420
350 Input curve
280

210 Response curve

140 I \

70

Pulp mould cushion

f\_\! ~\

0 e B e
=70

—=140
0

At
N

Buffer facets

Time (ms) 25
(a) (b)

Figure 5-5 Verification Test Results.
(a) Screenshot of test result, (b) Buffer facets of a single pulp mould cushion.

All experimental data are summarized in Table 5-1. In each controlled shock test, we
recorded V., PIA, PRA, and duration times of input and response pulses (D,, and D,,;,
respectively). Since five consecutive experiments were performed at each equivalent free-fall
height, 40 sets of results are listed in Table 5-1.

From the data of column ‘PRA, (G)’ in Table 5-1, we computed the average PRA at each
equivalent free-fall height. The average PRA, versus equivalent free-fall height is plotted in
Figure 5-6. Here the PRA value is the average PRA,. As mentioned in Section 5.1.2, the pulp
mould cushions were designed to ensure that the PRA of the printer was below 150 G at H = 80
cm. From Figure 5-6, we observe that this design requirement is met.
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Table 5-1 Results of Verification Experiments.

h (cm) No. V_(m/s) PRA_ (G) PIA (G) D, (ms) D, (ms)
1 1.50 70.2 87.6 3.00 6.90
2 1.50 72.6 88.5 3.00 7.15
10 3 1.40 63.4 81.1 3.00 7.35
4 1.43 65.7 84.0 3.00 7.50
5 1.44 65.2 83.8 3.05 7.60
1 2.00 88.5 134.0 2.65 6.55
2 2.02 92.3 135.4 2.60 6.80
20 3 2.05 99.6 138.2 2.60 6.80
4 1.97 92.5 131.9 2.60 7.00
5 2.04 80.9 137.8 2.60 7.30
1 2.42 111.7 170.7 2.50 6.65
2 242 115.7 170.9 2.50 6.70
30 3 2.41 112.4 168.9 2.50 6.70
4 2.47 113.2 173.3 2.55 6.60
5 2.44 104.2 171.3 2.50 6.85
1 2.81 129.1 207.1 2.35 6.45
2 2.79 114.7 206.3 2.35 6.55
40 3 2.84 119.1 210.8 2.35 6.55
4 2.77 122.0 204.1 2.35 6.60
5 2.85 130.7 211.5 2.35 6.60
1 3.13 132.3 237.3 2.25 6.55
2 3.14 131.8 241.6 2.20 6.55
50 3 3.15 130.7 240.7 2.25 6.55
4 3.15 130.4 244.7 2.20 6.55
5 3.12 134.8 238.2 2.25 6.60
1 3.47 140.7 269.1 2.20 6.50
2 3.45 135.7 267.1 2.20 6.95
60 3 3.42 134.4 263.7 2.20 6.55
4 3.43 138.2 267.1 2.20 6.60
5 3.42 133.4 265.7 2.20 6.65
1 3.71 143.2 292.7 2.20 6.65
2 3.78 139.2 298.5 2.15 6.75
70 3 3.69 141.5 287.9 2.15 6.75
4 3.76 140.3 295.6 2.15 7.00
5 3.71 138.8 289.9 2.15 6.90
1 3.96 138.7 317.3 2.15 6.70
2 4.01 146.5 322.3 2.10 6.75
80 3 3.97 142.7 318.6 2.10 6.80
4 4.01 145.0 319.8 2.10 6.80
5 3.97 146.1 319.3 2.10 6.80
h: Equivalent free-fall height PRA . Peak response acceleration of the controlled shock test
No. : Experimental order PIA : Peak input acceleration of the controlled shock test
V. Velocity change
D, : Duration of input pulse
D, Duration of response pulse
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Figure 5-6 PRA-h Curve.
5.4 Data Analysis flow

For convenience, we here denote the data used to calculate the four parameters of the
simulation FVD model and input as the input pulse as DATA ety and DAT A yrget, respectively.
Because /4 varied from 10 cm to 80 cm in 10 cm increments, eight experimental datasets were
collected. In the hybrid drop test, DATAggety <DATAare. Therefore, the data obtained when 2=
10-70 cm can comprise DATAy, while the data obtained when s =20-80 cm can form
DATA arget-
The experimental data were analyzed as shown in Figure 5-7. Data were analyzed in the
following five steps.
1. Parameters k, F. and ¢ in the FVD model were calculated from DATA ey
2. The input pulse to the FVD model was derived from DATA gt
3. The input pulse and parameters m, k, ¢ and F, were input to the simulation FVD model, and
simulations were run. The PRA;,, was recorded.
4. Using the input pulse as DATA e, the PRA., was recorded from the experimental data.
5. The PRA, was directly read from DATA et
This flowchart is similar to Figure 4-3, except that, in Figure 5-7, DATA ;e are used only in
the hybrid drop test and the final steps of the analysis are different.

S.5Parameter Calculation and Comparison of PRA,, and PRAg;,

Before running the simulation, we must calculate the three parameters k, F,. and ¢ of the FVD
model.

The calculation of the above three parameters and the digital simulation method have been
described in Sections 4.5 and 4.6, respectively, and will not be elaborated here. The calculated
F. and ¢ are shown in Tables 5-2 and 5-3, respectively.

Once all parameters of the simulation FVD model were calculated, simulations were run and
the PRAg, were recorded. Finally, PRAy, was compared with PRA.,. For each set of
DATAgugety or DATA e, five tests were performed, and five sets of results were recorded.
Therefore, 25 PRA., vs. PRAi, comparisons were obtained (Figure 5-8). For detail of the
comparisons at varied drop heights, please refer to APPENDIX.
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Table 5-2 Calculation of F..

h(cm) No. w, (Hz) k(N/m) & ¢, (Ns/m) ceq(Ns/m) A (mm) F_(N)

1 4553 1451108 0.99 6311 7700 1.1 547
2 439.4 1351406  0.99 6090 7500 1.2 584
10 3 427.4 1278860 0.99 5924 7300 1.1 508
4 418.9 1228217 0.99 5806 7400 1.2 629
5 4134 1196109 0.99 5729 7200 1.3 621
1 479.6 1610331 0.70 4700 4100 1.9 430
2 462.0 1494101 0.85 5498 6200 1.8 459
20 3 462.0 1494101 0.99 6403 7150 1.7 461
4 448.8 1409943  0.99 6220 5400 1.6 463
5 430.4 1296439 0.61 3675 4250 23 447
1 472.4 1562264 0.80 5291 4700 2.2 483
2 468.9 1539034 0.80 5252 4700 2.1 427
30 3 468.9 1539034 0.84 5514 5000 2.2 417
4 476.0 1586025 0.77 5131 4600 2.2 437
5 458.6 1472369 0.64 4109 3600 2.6 477
1 487.1 1660651 0.68 4637 5050 2.6 411
2 479.6 1610331 0.46 3089 3450 32 435
40 3 479.6 1610331 0.50 3357 3700 3.1 400
4 476.0 1586025 0.62 4132 4500 2.8 386
5 476.0 1586025 0.72 4798 5200 2.7 406
1 479.6 1610331 0.58 3895 4250 32 428
2 479.6 1610331 0.57 3827 4150 33 401
30 3 479.6 1610331 0.59 3962 4300 32 408
4 479.6 1610331 0.59 3962 4300 33 420
5 476.0 1586025 0.55 3665 4000 33 413
1 483.3 1635201 0.47 3180 3400 4.0 334
2 452.0 1430303 0.45 2848 3100 4.3 385
60 3 479.6 1610331 0.48 3223 3450 3.9 333
4 476.0 1586025 0.41 2732 2500 4.3 373
5 472.4 1562264 0.36 2381 2600 4.4 358
1 472.4 1562264 0.34 2249 2450 4.9 366
2 465.4 1516318 0.26 1694 1900 5.7 429
70 3 465.4 1516318 0.35 2281 2500 5.0 401
4 448.8 1409943 0.36 2262 2500 5.0 420
5 4553 1451108 0.34 2167 2400 5.1 424
1 468.9 1539034 0.27 1772 2000 5.8 486
2 465.4 1516318 0.27 1759 1950 5.9 411
80 3 462.0 1494101 0.26 1682 1900 5.9 467
4 462.0 1494101 0.26 1682 1900 6.0 475
5 462.0 1494101 0.26 1682 1900 5.9 467
h: Equivalent free-fall height C, - Damping coefficient
No. : Experimental order C,, - Equivalent damping coefficient
W, Natural angular frequency A Displacement
k: Spring constant F,: Friction calculated by Eq. (3.6)

¢, - Damping rate m=7kg
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Table 5-3 Calculation of c.

h(cm) No. V(m/s)  k(N/m) F_(N) u ¢ ¢ (Ns/m)
1 1451108 547 0.92158 0.188 1196
2 1351406 584 0.97757 0.185 1140
10 3 1.40 1278860 508 0.95764 0.190 1138
4 1228217 629 0.97768 0.193 1130
5 1196109 621 0.96936 0.193 1118
1 1610331 430 0.81621 0.191 1280
2 1494101 459 0.89143 0.184 1190
20 3 1.98 1494101 461 0.94245 0.179 1156
4 1409943 463 0.94404 0.182 1146
5 1296439 447 0.82417 0.191 1150
1 1562264 483 0.87030 0.186 1229
2 1539034 427 0.90719 0.181 1188
30 3 2.42 1539034 417 0.89175 0.182 1198
4 1586025 437 0.84532 0.185 1235
5 1472369 477 0.83336 0.189 1213
1 1660651 411 0.85548 0.183 1250
2 1610331 435 0.77483 0.192 1292
40 3 2.80 1610331 400 0.78738 0.189 1269
4 1586025 386 0.83939 0.186 1237
5 1586025 406 0.86778 0.181 1207
1 1610331 428 0.81150 0.187 1258
2 1610331 401 0.81210 0.186 1251
50 3 3.13 1610331 408 0.79037 0.188 1265
4 1610331 420 0.79329 0.188 1265
5 1586025 413 0.83000 0.185 1236
1 1635201 334 0.77240 0.188 1269
2 1430303 385 0.80249 0.186 1180
60 3 3.43 1610331 333 0.75871 0.190 1277
4 1586025 373 0.77611 0.189 1259
5 1562264 358 0.75881 0.191 1261
1 1562264 366 0.73942 0.192 1269
2 1516318 429 0.73203 0.193 1255
70 3 3.70 1516318 401 0.77153 0.190 1237
4 1409943 420 0.77265 0.189 1186
5 1451108 424 0.76828 0.190 1213
1 1539034 486 0.68110 0.200 1314
2 1516318 411 0.73052 0.193 1255
80 3 3.96 1494101 467 0.72517 0.195 1261
4 1494101 475 0.73409 0.193 1250
5 1494101 467 0.74082 0.193 1250

: Equivalent free-fall height

* Experimental order

 Spring constant (see Table 5-2)
* Damping rate (see Figure 4-4)
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U, - Coefficient (see Figure 4-4)
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F, Friction (see Table 5-2)
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Figure 5-8 Schematic of 25 PRA, vs. PRAgm comparisons.

For convenience, DATAy and DATA . are labeled by the equivalent free-fall height at
which the experimental data were obtained. For example, DATA .y (collected at 2 = 20 cm)
are denoted as DATAggy(20); DATAge (collected at & = 40-80 cm) are denoted as
DATA areet(40—80).

5.6 Discussion

On the basis of data in Section 6.4 of the APPENDIX, The comparisons between PRA.,, and
PRA are displayed graphically in Figure 5-9. PRA., and PRA, are plotted along the
horizontal and vertical axes, respectively. From this figure, we observe that the comparisons
cluster around PRA.,, = PRA;,. Therefore, the hybrid drop test provides a qualitative prediction
of the PRA of the target drop height. That is, the hybrid drop test is feasible for practical
application.

For an intuitive interpretation of the difference between PRA;, and PRA.,,, we introduce an
indicator, the predictive error P, expressed as follows:

_ PRAG — PRA,

100 %.
A % (5.1)

From the data given in Section 6.4 of the APPENDIX, we obtain the values of P and their
standard deviations and compare the results for different equivalent free-fall heights. The results
are presented in Table 5-4.
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Table 5-4 Predictive Error and Standard Deviation at Different Equivalent Free-fall Heights.

DATA,.(h) DATA,, ,«(h) (cm)
(cm) 80 70 60 50 40 30 20
10 1.93.7)" -04(33) -103.6) -51(3.7) -15(5.1) 28(5.1) 1.3(8.1)
200 -3.7(3.0) 6829 -77(23) -10.1(23) -3.7(6) -62(42)
30 285 5220 7125 9421 3845
40 -35024) -87(12) -69(2.0) -10.7(1.6)

50 -523.0) -6.1(13) -7.9(2.0)
60 -74(2.1) -104(1.4)
70 -5.9(2.4)

* Predictive error (standard deviation). The unit of all data is %.

The data in Table 5-4 are presented graphically in Figure 5-10. From that figure, we conclude

the following:

1. All P values are within £15 %.

2. P values for DATAggy(10) versus DATAy(80) and DATAggy(20) versus
DATA arget(80) are within |+10 %]|. These two cases are of practical significance; they
essentially indicate that the hybrid drop test is sufficiently accurate for practical
applications.

3. Most of the P values are located in the dangerous zone. Therefore, the hybrid drop test
should be applied at the predicted value + standard deviation.

DATAsafety(h) (cm)
h= 010 <20 A 30 7240 050 % 60 070
10
_- ‘Standard deviation %
5 | :
/ &
% Q A
S 0 H d I ?
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Figure 5-10 Predictive Error P at Different Equivalent Free-fall Heights.
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CHAPTER 6. SUMMARY

With the acceleration of cross-border movement of goods in recent years, national economies
worldwide have become increasingly interdependent. The relationship between goods
distribution and economic globalization has rendered packaging of goods more important than
ever.

Packaging is the science, art and technology of enclosing or protecting products for
distribution, storage, sale and use. It also refers to design, evaluation and production of
packages. Packaging can be regarded as a coordinated system of preparing goods for transport,
warehousing, logistics, sale and end use. During distribution, products are vulnerable to two
main physical distribution hazards: shock and vibration. To ensure their safe delivery from
manufacturers to consumers, packages must be buffered by appropriate and sufficient
cushioning packages.

Numerous cushioning materials can be used in packaging, and many packaging methods are
available. Therefore, engineers have many choices when designing a package for a given
product. However, finding the optimal package design poses a more challenging problem. In
particular, if the package cannot make up the difference between the product ruggedness and
environmental inputs, ‘under packaging’ occurs and product damage will most likely result.
Conversely, if the package is provided too much protection, ‘over package’ happens and cost
and materials are wasted on protection that is not required. To achieve the desirable ‘optimal
package’, the performance of the cushioning materials must be tested prior to their inclusion in
the packaging design. In addition, the entire cushioning package must be tested to confirm that
it provides sufficient protection to the products.

The traditional design procedure for a cushioning package is as follows. Step 1: Define the
distribution environment. Step 2: Define product fragility. Step 3: Design the cushioning
package. In this step, designer may need to undertake and plot the data as shock cushioning and
vibration transmissibility curves. Step 4: Perform verification tests to confirm whether the
package design has been optimized. This step confirms whether the package design is optimally
designed, insufficient to protect the product, or over-protective.

The traditional package design procedure ensures that, provided that all design requirements
are met under verification testing, the package design is successful. However, if the packaging
fails the verification test, designers must return to Step 3 and repeat this procedure. In the
worst-case scenario, if the cushioning material is of the wrong type, then large quantities of
labor and material resources are undoubtedly required.

Therefore, verification testing is an important component of packaging design. Among the
common methods for assessing package performance are free fall, shock and vibration tests. To
determine product safety and PRA is within the desired range, designers generally apply
traditional drop tests, which expose the test dummy to a high probability of damage.

In addition to physical testing methods, simulation methods are widely used in package
design. However, these are not applicable to cushioning packages because of the nonlinear
physical characteristics of the cushioning materials.

On the other hand, an equivalent drop theory is an important theoretical basis of package.
The traditional equivalent drop theory is useful because the free fall and controlled shock tests
should yield identical test results at a specified drop height, but it is limited to perfectly elastic
materials. To correct these flaws, we have proposed a damping equivalent drop theory based on
a viscous damping model. However, the damping equivalent drop theory cannot exactly
replicate the test results of structure cushioning materials, although it can improve the precision
of equivalent tests on quasi-linear cushions. The problem with the viscous damping model is
that only viscous damping and linear spring factors are considered.
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To resolve the issues above, the following four achievements were obtained in this
dissertation.

I.  We proposed a new physical model that embodies both friction and viscous damping. The
new model is called the FVD model. Mathematical equations of the shock responses to the
test at free fall and controlled shock test were deduced using Maple and MapleSim,
respectively. From these mathematical equations, we proposed a new equivalent drop
theory called the ‘friction equivalent drop theory’.

II. The feasibility of the friction equivalent drop theory was demonstrated in a series of
verification tests. A preliminary verification experiment based on a single material (a
corrugated sleeve) and design configuration (equivalent free-fall height and weight dummy)
was performed. In the preliminary verification, the error of the test at free fall was reduced
to one-third that of the original equivalent drop theory. To confirm this result, further
verification experiments were performed for a range of stresses and materials. The test was
broadly divided into data acquisition and data analysis. To qualitatively assess the
corrective effect in the friction equivalent drop theory, the probability distributions of the
differences in the peak response accelerations of the two tests were plotted as bar charts.
Next, the corrective effect was quantitated by a correction indicator. The friction equivalent
drop theory was successfully applied to both structural corrugated sleeve and pulp mould
cushions. The corrective effects vary with stress but become more prominent toward the
lowest point of the cushion curve.

III. To address the flaws in traditional testing and digital simulation methods, we use the FVD
model and friction equivalent drop theory to develop a new, high-efficiency verification
testing method. This proposed method combines traditional drop testing and digital
simulation methods; therefore, it is called ‘the hybrid drop testing method’. Centering on
the FVD model, the hybrid drop test involves the following four stages: experimental,
parameter calculation and data transformation, digital simulation and prediction. The key
step is parameter calculation, which applies the friction equivalent drop theory.

IV. Similar to the friction equivalent drop theory, the feasibility of the hybrid drop testing
method was proven through experiments. Numerous shock tests were performed on a
mockup of a real printer as the test dummy. The corresponding parameters of FVD model
were calculated from the experimental data, and the simulations were based on the hybrid
drop test. Finally, the simulated and experimental results were compared. The results show
that the hybrid drop test is sufficiently accurate for practical applications. However, in
practice, the method should be applied at the upper limit of the predicted value, i.e. the
predicted value + standard deviation.

Using the hybrid drop testing method, we can predict the PRA for a specified package design
at higher drop heights by performing a single, low-height drop test.The hybrid drop testing
method provides packaging researchers with an alternative testing choice. It also ensures the
safety of the test product and improves test efficiency. We expect that this new testing method
will become of valuable assistance in futer packaging design.
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APPENDIX

Data of PRA,,, vs. PRA,
Table 7-1  DATAsasety(10)«>DATAgarget(20—-80).
Unit: G Group 1 Group 2 Group 3 Group 4 Group 5
nit:
PRA,| PRA,| Diff P |PRA,| PRA,| Diff P |PRA,|PRA,| Diff P |PRA, PRA,| Diff P |PRA,|PRA,| Diff P

147 83 | 6.0% 147 0.5 | 0.3% 148 53 | 3.7% 147 2 1.4% 148 1.9 1.3%

Datagy(10) 148 93 | 6.7% 149 2.5 1.7% 150 73 | 51% 149 4 2.8% 150 39 | 27%
salef

l 138.7 | 138 -0.7 | -0.5% | 146.5 | 137 9.5 | -6.5% | 1427 | 139 3.7 | -2.6% | 145.0 | 138 -7 | -4.8% | 146.1 | 138 -8.1 | -5.5%

Datairgo(80) 149 103 | 7.4% 150 35 | 24% 150 73 | 5.1% 150 5 3.4% 150 39 | 27%

148 93 | 6.7% 148 1.5 1.0% 149 63 | 4.4% 148 3 2.1% 148 1.9 1.3%

141 22 | -1.5% 141 1.8 1.3% 139 2.5 | -1.8% 140 -0.3 |-0.2% 141 2.2 1.6%

Datagy(10) 142 -1.2 | -0.8% 142 2.8 | 2.0% 139 2.5 | -1.8% 141 0.7 | 0.5% 142 32 | 23%
salef

l 1432 | 133 | -10.2 | -7.1% | 139.2 | 133 -6.2 | -45% | 1415 | 131 | -10.5 | -7.4% | 140.3 | 132 -8.3 |-5.9% | 138.8 | 133 -5.8 | -42%

Datayrge(70) 145 1.8 1.3% 145 58 | 42% 144 2.5 1.8% 145 47 | 3.3% 145 62 | 45%

142 -1.2 | -0.8% 142 2.8 | 2.0% 140 -1.5 | -1.1% 141 0.7 | 0.5% 141 2.2 1.6%

136 -4.7 | -3.3% 136 03 | 02% 136 1.6 1.2% 135 -3.2 1-2.3% 135 1.6 1.2%

Datag(10) 137 -3.7 | -2.6% 137 1.3 1.0% 136 1.6 1.2% 138 -0.2 |-0.1% 138 4.6 | 3.4%
safef

l 140.7 | 128 | -12.7 | -9.0% | 135.7 | 128 17 | -57% | 13441 126 -84 |-63% | 1382 | 127 | -11.2 | -8.1% | 1334 | 127 -6.4 | -4.8%

Datayrg(60) 139 -1.7 | -1.2% 139 33 | 2.4% 138 36 | 2.7% 140 1.8 1.3% 139 56 | 42%

137 -3.7 | -2.6% 137 1.3 1.0% 135 0.6 | 0.4% 137 -1.2 1 -0.9% 137 36 | 27%
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128 | 43 |-33% 127 | 48 |-3.6% 126 | 47 | -3.6%
Dettna(10) o | 33 125 TRETRETYY 6% 128 | 24 |-1.8% 129 | 58 |-43%
! 1323 | 121 o 127 37 |2 8% 129 | -14 | -LI%
. 113 | -85% | 131.8 | 120 | -11.8 | -9.0% il 130 | -48 |-3.6%
Datatarge(so) i 0% | 130.7 120 -10.7 | -8.2% | 130.4
o | 133 o010 TR ETTIETYY 2% 4] 121 | 94 |-72% | 1348 | 122 | -12.8 | -9.5%
-13.8 -10.5% 117 | -13.7 |-10.5% ——
131 | -13 | -1.0% 270 119 | -11.4 | -8.7% 120 | -1 i
o 130 | -1.8 |-1.4% 130 | -0.7 |-0.5% 131 48 [-11.0%
121 | 8.1 |-6.3% 118 | 33 | 2.9% 118 | -1.1 S 12 | 28 | 2%
: : 11| -0.9%
Dataganf10) IPYSN R R o e 6 17 | -5 | -41% 118 | -12.7 | -9.7%
: oot Tioe T st Tao 11an . 1% 123 | 39 | 33% 122 | 1 | 08% 123 | 77 |-5.9°
Datayg(40) - ' 19 4.3 3.7% | 119.1 119 -0.1 | -0.1% | 122.0 : 9%
124 | 5.1 | -4.0% 124 | 93 | 8.1% 1% 0] 119 | -3 |-25% 1307 | 119 | -11.7 | -9.0%
: 1% 124 | 4. 0 : i
122 | -7.1 | -5.5% 119 | 43 | 3.7% 119 o9 22 24| 2 | Lo% 123 | <77 | -5.9%
. A7 - _ 0
TRETREE — = 1 (-0.1% 19 | -3 | -2.5% 118 | -12.7 | -9.7%
7 -15% 1.6 | 1.4% '
Dataggey(10) 115 | 33 | 3.0% 116 | 03 | 0.3% 15 | 26 - 13 1 -02 1-02% 113 | 88 | 84%
! 17| 107 - 0 2% 15 | 18 | 169
: 47 |-42% 1 8 | 1.6% 115
Datayrye(30) % | 1157 108 | 7.7 | -6.7% | 1124 | 108 | 44 |-3.9% 1132 05 |0
R e P TRETRETY 9% 2] 108 | -52 | -4.6% | 1042 | 107 | 28 | 2.7%
: 9% 119 ' :
7 ss Tams rm e w 6.6 | 5.9% 118 | 48 | 42% 118 | 13.8 [132%
. . 0 3
89 0.5 | 0.6% 89 | 33 |-3.6% — 5.6 | 5.0% 118 | 4.8 | 42% 18 | 138 |13.2%
S | 367 9.6 |-9.6° -
Datag(10) 2 35 | 4.0% s | 03 -oav Yo 89 | -3.5 | -3.8% 89 8.1 |10.0%
| . : 3% 92 | 76 |-7.6% 92
s 55 | 35 a0l 923 86 | <3 ) 0.5 |-0.5% 91 | 10.1 |12.5%
Data e 20) 6.3 | -6.8% | 99.6 | 86 | -13.6 |-13.7%| 92.5 —
e | 75 s T30 Taon 7% 92. 86 | -6.5 | -7.0% | 809 | 8 | 41 | 5.1%
. 0% 9% | -3.6 | -3.6% 9% : '
o5 | o5 | 73% e 1 ’ 35 | 3.8% 96 | 15.1 |18.7%
4.6 | -4.6% 95 | 2.5 | 2.7%
7% 95 | 141 [17.4%
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Table 7-2  DATAsatety(20)—>DATAgarge(30—-80)

. Group 1 Group 2 Group 3 Group 4 Group 5
Uit G PRA.,|PRAg,| Diff | P |PRA.p|PRAy,| Diff | P |PRAu, PRA, Diff | P |PRA,y|PRAy, Diff | P |PRA., PRAy, Diff | P

142 | 33 | 24% 144 | 25 |-1.7% 144 | 13 | 0.9% 144 | -1 | -07% 144 | 2.1 |-1.4%
Datage(20) 139 | 03 | 02% 139 | 75 |-5.1% 139 | -3.7 | -2.6% 139 | -6 |-41% 139 | 7.1 |-4.9%
! 1387 | 138 | -0.7 | -0.5% | 1465 | 138 | -8.5 |-5.8% | 1427 | 139 | -3.7 |-2.6% | 1450 | 138 | -7 |-48% | 146.1 | 138 | -8.1 |-5.5%
Dataarge(80) 137 | -1.7 | -1.2% 138 | -85 | -5.8% 138 | -4.7 |-3.3% 138 | -7 | -4.8% 138 | -8.1 |-5.5%
133 | 5.7 | -4.1% 133 | -13.5 | -9.2% 134 | 87 |-6.1% 133 | -12 | -8.3% 134 | -12.1 | -8.3%
136 | 72 | -5.0% 137 | 22 |-1.6% 135 | 65 |-4.6% 137 | 33 | -24% 137 | -18 |-1.3%
Datasey(20) 133 | -102 | -7.1% 133 | -62 | -4.5% 130 | -11.5 | -8.1% 132 | 83 |-5.9% 132 | 68 |-4.9%
! 1432 | 133 | -102 | -7.1% | 1392 | 133 | -6.2 | -4.5% | 1415 | 130 | -11.5 | -8.1% | 1403 | 131 | 93 |-6.6% | 1388 | 132 | -6.8 |-4.9%
Dataee(70) 130 | -132 | -9.2% 130 | 92 |-6.6% 129 | -12.5 | -8.8% 129 | -113 | -8.1% 130 | -8.8 |-6.3%
127 | -162 |-11.3% 126 | -132 | -9.5% 124 | -17.5 [-12.4% 125 | -153 |-10.9% 126 | -12.8 | -9.2%
129 | -11.7 | -8.3% 129 | -6.7 |-4.9% 128 | -64 |-4.8% 129 | 92 |-6.7% 129 | -44 | -33%
Datagy(20) 127 | -13.7 | 9.7% 127 | 87 |-64% 125 | 94 |-7.0% 127 | -112 | -8.1% 127 | -64 |-4.8%
! 140.7 | 127 | -137 | -9.7% | 135.7 | 127 | 8.7 |-64% | 1344 | 125 | 94 |-7.0% 1382 | 127 | -112 | 8.1% | 133.4 | 126 | -74 |-55%
Dataarge( 60) 125 | -15.7 |-11.2% 125 | -10.7 | -7.9% 124 | -104 | -7.7% 125 | -132 | -9.6% 125 | -84 |-63%
122 | -18.7 |-13.3% 122 | -13.7 [-10.1% 123 | -11.4 | -8.5% 124 | -142 |-10.3% 124 | 94 |-7.0%
123 | 93 |-7.0% 123 | 88 |-6.7% 122 | 87 |-6.7% 123 | 74 | -5.7% 125 | 9.8 |-7.3%
Datag(20) 119 | -133 |-10.1% 118 | -13.8 [-10.5% 118 | -12.7 | -9.7% 119 | -114 | -8.7% 119 | -15.8 [-11.7%
) 1323 | 120 | -12.3 | -9.3% | 131.8 | 118 | -13.8 [-10.5%]| 130.7 | 118 | -12.7 | -9.7% | 130.4 | 119 | -11.4 | -8.7% | 1348 | 120 | -14.8 |-11.0%
Datage(50) 118 | -143 |-10.8% 118 | -13.8 [-10.5% 118 | -12.7 | -9.7% 118 | -12.4 | -9.5% 118 | -16.8 [-12.5%
115 | -173 |-13.1% 114 | -17.8 [-13.5% 114 | -16.7 |-12.8% 115 | -154 |-11.8% 115 | -19.8 [-14.7%
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120 9.1 | -7.0% 116 1.3 1.1% 116 -3.1 | -2.6% 116 -6 -4.9% 122 -8.7 | -6.7%

Datagygy(20) 112 | -17.1 |-13.2% 120 53 | 4.6% 120 09 | 0.8% 120 -2 -1.6% 120 | -10.7 | -8.2%
salet

l 129.1 | 123 -6.1 |-4.7% | 114.7 | 123 8.3 7.2% | 119.1 | 122 29 | 24% | 122.0 | 122 0 0.0% | 130.7 | 123 1.7 | -5.9%

Datarge(40) 113 | -16.1 |-12.5% 111 3.7 | -32% 111 -8.1 | -6.8% 112 -10 | -8.2% 112 | -18.7 |-14.3%

121 -8.1 | -6.3% 120 53 4.6% 120 09 | 0.8% 120 -2 -1.6% 121 9.7 | -7.4%

108 -3.7 | -3.3% 109 -6.7 | -5.8% 109 -34 | -3.0% 110 32 | -2.8% 109 48 | 4.6%

Datagge(20) 104 -1.7 | -6.9% 105 | -10.7 | -9.2% 105 =74 | -6.6% 105 -82 | -7.2% 104 -0.2 | -0.2%
salet

l 111.7 | 104 <17 | -6.9% | 115.7 | 105 | -10.7 | -9.2% | 112.4 | 105 -74 | -6.6% | 113.2 | 105 -82 | -72% | 1042 | 105 0.8 0.8%

Datairge(30) 103 -8.7 | -7.8% 103 | -12.7 |-11.0% 103 94 | -8.4% 103 | -10.2 | -9.0% 103 -1.2 | -1.2%

100 | -11.7 |-10.5% 101 | -14.7 |-12.7% 101 | -11.4 |-10.1% 101 | -12.2 |-10.8% 100 4.2 | -4.0%
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Table 7-3 DATAsasety(30)«>DATAgarget(40—-80).

Unit G Group 1 Group 2 Group 3 Group 4 Group 5
nit:
PRAp| PRAGm| Diff P |PRA|PRA,| Diff P |PRA,|PRA,| Diff P PRAp| PRA,| Diff P |PRA,|PRA,| Diff P
143 43 3.1% 143 -3.5 | -24% 143 0.3 0.2% 143 -2 -1.4% 143 3.1 | -2.1%
Datagguy(30) 138 -0.7 | -0.5% 138 -8.5 | -5.8% 139 -3.7 | -2.6% 138 -7 -4.8% 138 -8.1 | -5.5%
saret
! 138.7 | 137 -1.7 | -1.2% | 146.5 137 95 | -6.5% | 142.7 | 138 -4.7 | -3.3% | 145.0 | 137 -8 -5.5% | 146.1 137 9.1 |-62%
Dataarge(80) 140 1.3 0.9% 140 -6.5 | -4.4% 141 -1.7 | -1.2% 140 -5 -3.4% 140 -6.1 | -4.2%
140 1.3 0.9% 140 -6.5 | -4.4% 141 -1.7 | -1.2% 140 -5 -3.4% 140 -6.1 | -4.2%
137 -6.2 | -4.3% 137 22 | -1.6% 135 -6.5 | -4.6% 136 43 | -3.1% 137 -1.8 | -1.3%
Datgygy(30) 132 | -11.2 | -7.8% 133 -6.2 | -4.5% 131 -10.5 | -7.4% 132 -8.3 | -5.9% 132 -6.8 | -4.9%
saret
! 143.2 | 131 -12.2 | -8.5% | 139.2 | 131 -82 | -59% | 1415 | 129 | -12.5 | -8.8% | 140.3 130 | -10.3 | -7.3% | 138.8 | 130 -8.8 | -6.3%
Dataarge(70) 134 9.2 | -6.4% 133 -6.2 | -4.5% 132 9.5 | -6.7% 133 =73 | -52% 133 -5.8 | -4.2%
135 -8.2 | -5.7% 135 -42 | -3.0% 135 -6.5 | -4.6% 135 =53 | -3.8% 134 -4.8 |-3.5%
131 -9.7 | -6.9% 131 -4.7 | -3.5% 130 44 | -3.3% 131 =72 | -52% 131 24 | -1.8%
Datay(30) 125 | -15.7 |-11.2% 125 | -10.7 | -7.9% 125 94 | -7.0% 125 | -13.2 | -9.6% 124 94 | -7.0%
saret
! 140.7 | 124 | -16.7 |-11.9%| 135.7 | 124 | -11.7 | -8.6% | 1344 | 124 | -104 | -7.7% | 1382 | 124 | -14.2 |-10.3%| 1334 | 123 | -104 | -7.8%
Dataarge(60) 127 | -13.7 | -9.7% 127 -8.7 | -6.4% 126 -84 | -6.3% 127 | -11.2 | -8.1% 127 -6.4 | -4.8%
128 | -12.7 | -9.0% 128 -7.7 | -5.7% 127 74 | -5.5% 128 | -10.2 | -7.4% 128 54 | -4.0%
124 -8.3 | -6.3% 124 -7.8 | -5.9% 122 -8.7 | -6.7% 123 74 | -5.7% 124 | -10.8 | -8.0%
Dty (30) 117 | -15.3 |-11.6% 117 | -14.8 |-11.2% 117 | -13.7 [-10.5% 118 | -12.4 | -9.5% 118 | -16.8 |-12.5%
saret
! 132.3 117 | -153 |-11.6%| 131.8 | 117 | -14.8 |-11.2%]| 130.7 | 117 | -13.7 |-10.5%| 130.4 | 118 | -12.4 | -9.5% | 134.8 | 118 | -16.8 |-12.5%
Datajarge(50) 119 | -13.3 [-10.1% 119 | -12.8 | -9.7% 117 | -13.7 [-10.5% 118 | -12.4 | -9.5% 119 | -15.8 |-11.7%
121 -11.3 | -8.5% 121 -10.8 | -8.2% 121 9.7 | -7.4% 121 94 | -72% 121 -13.8 [-10.2%
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Datasafet>(3 O)
l
Dataiarget(40)

129.1

119 | -10.1 | -7.8%
120 9.1 | -7.0%
119 | -10.1 | -7.8%
120 9.1 | -7.0%
121 -8.1 | -6.3%

114.7

117 23 | 2.0%
117 23 | 2.0%
117 23 | 2.0%
118 33 | 2.9%
119 4.3 3.7%

119.1

118 -1.1 | -0.9%
117 21 | -1.8%
117 21 | -1.8%
118 -1.1 | -0.9%
119 -0.1 | -0.1%

122.0

118 -4 | -33%
117 -5 -4.1%
118 -4 | -33%
118 -4 | -33%
119 -3 -2.5%

130.7

117 | -13.7 |-10.5%
117 | -13.7 {-10.5%
118 | -12.7 | -9.7%
118 | -12.7 | -9.7%
119 | -11.7 | -9.0%
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Table 7-4 DATAsasety(40)«—>DATAgarget(50-80).

Unit: G Group 1 Group 2 Group 3 Group 4 Group 5
nit:
PRA,| PRA,| Diff P |PRA.,| PRA,| Diff P |PRA,|PRA,| Diff P |PRA,|PRA,| Diff P |PRA,|PRA,| Diff P
139 0.3 0.2% 139 -7.5 | -5.1% 140 2.7 | -1.9% 139 -6 -4.1% 139 7.1 | -4.9%
Dty (40) 141 2.3 1.7% 141 -5.5 | -3.8% 141 -1.7 | -1.2% 141 -4 -2.8% 141 -5.1 | -3.5%
! 138.7 | 140 1.3 0.9% | 146.5 | 140 -6.5 | -4.4% | 142.7 | 140 2.7 | -19% | 145.0 | 140 -5 -3.4% | 146.1 141 -5.1 | -3.5%
Datiarge(80) 136 2.7 | -1.9% 136 | -10.5 | -7.2% 136 -6.7 | -4.7% 137 -8 -5.5% 136 | -10.1 | -6.9%
137 -1.7 | -1.2% 137 9.5 | -6.5% 137 -5.7 | -4.0% 137 -8 -5.5% 137 9.1 | -6.2%
129 | -14.2 | -9.9% 129 | -10.2 | -7.3% 128 | -13.5 | -9.5% 128 | -12.3 | -8.8% 128 | -10.8 | -7.8%
Datagge,(40) 130 | -13.2 | -9.2% 128 | -11.2 | -8.0% 130 | -11.5 | -8.1% 130 | -10.3 | -7.3% 130 -8.8 | -6.3%
! 1432 | 129 | -142 | -9.9% | 139.2 | 125 | -14.2 |-10.2%]| 141.5 | 129 | -12.5 | -8.8% | 1403 | 129 | -11.3 | -8.1% | 138.8 | 129 9.8 | -7.1%
Datiarge( 70) 128 | -15.2 [-10.6% 125 | -14.2 |-10.2% 128 | -13.5 | -9.5% 129 | -11.3 | -8.1% 129 9.8 | -7.1%
128 | -15.2 [-10.6% 127 | -12.2 | -8.8% 128 | -13.5 | -9.5% 128 | -12.3 | -8.8% 128 | -10.8 | -7.8%
126 | -14.7 [-10.4% 126 9.7 | -1.1% 127 -74 | -5.5% 127 | -11.2 | -8.1% 127 -6.4 | -4.8%
Datag g (40) 128 | -12.7 | -9.0% 128 =77 | -5.7% 128 -6.4 | -4.8% 128 | -10.2 | -7.4% 128 -54 | -4.0%
l 140.7 | 127 | -13.7 | -9.7% | 135.7 | 127 -8.7 | -64% | 1344 | 127 74 | -55% | 1382 | 128 | -10.2 | -7.4% | 133.4 | 128 -54 | -4.0%
Datayrge(60) 126 | -14.7 [-10.4% 127 -8.7 | -6.4% 127 74 | -5.5% 127 | -11.2 | -8.1% 127 -64 | -4.8%
126 | -14.7 [-10.4% 126 9.7 | -1.1% 126 -84 | -6.3% 126 | -12.2 | -8.8% 126 -74 | -5.5%
117 | -15.3 [-11.6% 117 | -14.8 |-11.2% 118 | -12.7 | -9.7% 118 | -124 | -9.5% 117 | -17.8 |-13.2%
Dty (40) 120 | -12.3 | -9.3% 120 | -11.8 | -9.0% 120 | -10.7 | -8.2% 120 | -104 | -8.0% 120 | -14.8 |-11.0%
saiel
l 132.3 119 | -13.3 |-10.1%]| 131.8 | 120 | -11.8 | -9.0% | 130.7 | 119 | -11.7 | -9.0% | 130.4 | 119 | -11.4 | -8.7% | 134.8 | 119 | -15.8 |-11.7%
Dataiyrye(50) 117 | -15.3 [-11.6% 117 | -14.8 |-11.2% 117 | -13.7 |-10.5% 117 | -13.4 |-10.3% 117 | -17.8 |-13.2%
116 | -16.3 [-12.3% 116 | -15.8 |-12.0% 116 | -14.7 |-11.2% 116 | -144 |-11.0% 116 | -18.8 |-13.9%
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Table 7-5  DATAgarety(50)>DATAarger(60-80).

G Group 1 Group 2 Group 3 Group 4 Group 5
Unit:
PRA,| PRA,| Diff P PRA.\,| PRAn| Diff P PRA.,| PRA,| Diff P PRA.,| PRAGn| Diff P PRA., PRA,| Diff P

140 1.3 0.9% 135 | -11.5 | -7.8% 140 2.7 | -1.9% 140 -5 -3.4% 139 -7.1 | -4.9%

Datagy(50) 138 -0.7 | -0.5% 133 -13.5 | -9.2% 138 -4.7 | -3.3% 137 -8 -5.5% 136 | -10.1 | -6.9%

! 138.7 | 135 3.7 | -2.7% | 146.5 | 130 | -16.5 |-11.3%| 142.7 | 135 7.7 | -54% | 145.0 | 138 -7 -4.8% | 146.1 137 9.1 |-6.2%

Datiarge(80) 135 -3.7 | -2.7% 130 | -16.5 [-11.3% 135 -1.7 | -5.4% 139 -6 -4.1% 138 -8.1 | -5.5%

134 -4.7 | -3.4% 133 -13.5 | -9.2% 134 -8.7 | -6.1% 138 -7 -4.8% 138 -8.1 | -5.5%

133 -10.2 | -7.1% 133 -6.2 | -4.5% 133 -8.5 | -6.0% 133 =73 | -5.2% 133 -5.8 | -4.2%

Datag, y(50) 131 -12.2 | -8.5% 131 -8.2 | -5.9% 131 -10.5 | -7.4% 131 9.3 | -6.6% 131 -7.8 | -5.6%

l 1432 | 131 -12.2 | -8.5% | 139.2 | 131 -8.2 | -5.9% | 141.5 131 -10.5 | -7.4% | 140.3 131 93 |-6.6% | 138.8 | 131 -7.8 | -5.6%

Datayrge(70) 133 -10.2 | -7.1% 133 -6.2 | -4.5% 133 -8.5 | -6.0% 133 -7.3 | -5.2% 133 -5.8 | -4.2%

132 | -11.2 | -7.8% 132 -7.2 | -5.2% 132 9.5 | -6.7% 132 -8.3 | -5.9% 132 -6.8 | -4.9%

127 | -13.7 | -9.7% 127 -8.7 | -6.4% 127 -74 | -5.5% 127 | -11.2 | -8.1% 127 -6.4 | -4.8%

Datagge(50) 124 | -16.7 |-11.9% 124 | -11.7 | -8.6% 124 | -104 | -7.7% 124 | -14.2 |-10.3% 124 94 | -7.0%
Salel

l 140.7 125 -15.7 |-11.2%| 135.7 | 125 -10.7 | -7.9% | 134.4 125 94 | -7.0% | 1382 | 125 -13.2 | -9.6% | 133.4 125 -84 | -6.3%

Dataiyrye(60) 126 | -14.7 |-10.4% 126 9.7 | -1.1% 126 -84 | -6.3% 126 | -12.2 | -8.8% 126 -74 | -5.5%

126 | -14.7 |-10.4% 126 9.7 | -1.1% 126 -84 | -6.3% 126 | -12.2 | -8.8% 126 -74 | -5.5%
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Table 7-6  DATAgarety(60)—>DATAsarget( 70, 80).

Unit: G Group 1 Group 2 Group 3 Group 4 Group 5
nit:
PRA.,| PRA,| Diff P |PRA | PRA,| Diff P |PRA,|PRA,| Diff P |PRA,|PRA,| Diff P |PRA,|PRA,| Diff P
132 -6.7 | -4.8% 132 | -14.5 | -9.9% 133 9.7 |-6.8% 132 -13 1 -9.0% 132 | -14.1 | -9.7%
Dt (60) 133 5.7 | 4.1% 133 | -13.5 | -9.2% 134 -8.7 |-6.1% 133 -12 | -8.3% 133 | -13.1 | -9.0%
! 138.7 | 132 -6.7 | -4.8% | 146.5 | 132 | -14.5 | -9.9% | 142.7 | 133 97 | -6.8%| 1450 | 132 -13 | -9.0% | 146.1 132 | -14.1 | -9.7%
Datayyrge(80) 135 3.7 | -2.7% 135 | -11.5 | -7.8% 135 <77 | -5.4% 134 -11 | -7.6% 134 | -12.1 | -8.3%
133 -5.7 | -4.1% 133 | -13.5 | -9.2% 133 9.7 |-6.8% 133 -12 | -8.3% 133 | -13.1 | -9.0%
126 | -17.2 |-12.0% 126 | -13.2 | -9.5% 123 | -18.5 |-13.1% 125 | -153 |-10.9% 126 | -12.8 | -9.2%
Datag g (60) 125 | -18.2 |-12.7% 125 | -14.2 |-10.2% 125 | -16.5 |-11.7% 124 | -16.3 |-11.6% 125 | -13.8 | -9.9%
! 1432 | 128 | -15.2 |-10.6%| 139.2 | 128 | -11.2 | -8.0% | 141.5 | 128 | -13.5 | -9.5% | 140.3 | 128 | -12.3 | -8.8% | 138.8 | 128 | -10.8 | -7.8%
Dataiarge(70) 127 | -16.2 |-11.3% 127 | -12.2 | -8.8% 127 | -14.5 |-10.2% 126 | -14.3 |-10.2% 125 | -13.8 | -9.9%
126 | -17.2 |-12.0% 125 | -14.2 |-10.2% 125 | -16.5 |-11.7% 125 | -15.3 |-10.9% 126 | -12.8 | -9.2%
Table 7-7  DATAsatety(70)>DATAarger(80).
Unit: G Group 1 Group 2 Group 3 Group 4 Group 5
nit:
PRA.,| PRA,| Diff P |PRA.,| PRA,| Diff P |PRA,|PRA,| Diff P |PRA,| PRA,| Diff P |PRA,|PRA,| Diff P
134 -4.7 | -3.4% 134 | -12.5 | -8.5% 134 -8.7 |-6.1% 134 -11 | -7.6% 134 | -12.1 | -8.3%
Datagy(70) 138 -0.7 | -0.5% 138 -8.5 | -5.8% 139 -3.7 | -2.6% 138 -7 -4.8% 138 -8.1 | -5.5%
! 138.7 | 135 3.7 | -2.7% | 146.5 | 135 | -11.5 | -7.8% | 142.7 | 136 -6.7 | -4.7% | 145.0 | 135 -10 | -6.9% | 146.1 | 135 | -11.1 | -7.6%
Datayarge(80) 133 5.7 | -4.1% 133 | -13.5 | -9.2% 133 9.7 |-6.8% 133 -12 | -8.3% 133 | -13.1 | -9.0%
136 2.7 | -1.9% 136 | -10.5 | -7.2% 136 -6.7 | -4.7% 136 -9 -6.2% 136 | -10.1 | -6.9%
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ASTM American Society for Testing and Material
CEN European Committee for Standardization
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Damping theory Damping equivalent drop theory
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DiA Differences in average
FVD model Frictional-viscous damping mass—spring model
Friction theory Friction equivalent drop theory
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JIS Japanese Industrial Standards
PRA Peak response acceleration
PRA Peak response acceleration of the controlled shock test
PRAy Peak response acceleration of the test at free fall
PIA Peak input acceleration
SCB Structural corrugated board
SCM Structural corrugated material
SRS Shock response spectrum
SR analysis Shock response analysis
SR curve Shock response curve
Traditional theory Traditional equivalent drop theory
TAPPI Technical Association of the Pulp and Paper Industry
VD model Viscous damping mass—spring model
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