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Economic globalization is increasing the economic interdependence of national
econories 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 accomphsh this, the performance of the
cushioning materials that are used in transport packagmg must be tested before the materials
are applied in the packaging design. In addmon, 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 t¢sts are considered to yield the same
results when the test dummy is dropped from a gi_ver:x 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 dJstnbutlon 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 vibratjon 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.
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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 test’. that integrates the
traditional drop test and simulation methods. The hybrid drop test ensures the safety of the
test product and improves test efﬁciehcy.

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 eci;uivalent drop theories and digital simulation methods are also
described. :

Chapter 2 begins with the need for a new equivalent drop théory, 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 equiva.len;t drop theory was theoretically elaborated. Due to a nonlinear
characteristic of the frictign viscous-damping model, some approximate solutions for
nonlinear system such as av:erage 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 afier 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 ﬂowcharc. 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
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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 Qissgrtation.

‘Summan'ly, through developing a new equivalent drop theory and proposing a new
evaluation tes.ting method, we improved evaluation methodology of cushioning packaging.
Using the hybrid drop testing method, we can predict the PRAfor 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 §afety 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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